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ABSTRACT 
In the stochastic hydrology literature, suitable time series modelling approaches have been 
developed for modelling daily streamflow. However, problems arise with this approach if 
changes are occurring to the precipitation regime generating the historic streamflow data, or if 
land-use changes are occurring within the catchment which may alter the water balance and the 
streamflow regime. Traditional time series modelling approaches employ historic streamflow 
data only and will generate synthetic data which are representative only of the historic 
conditions. It is not possible to predict how the model parameters should be changed to reflect 
changes in the climate (precipitation) and catchment response regimes. Developing a 
methodology to deal with the stochastic generation of daily streamflow that reflects changes to 
the catchment system and climatic inputs (rainfall and potential evapotranspiration) and then 
applying the corresponding methodology to a study catchment (upper Thames) in England is the 
focus of this study. 
To study the water resources impacts of land-use change on the daily streamflow regime of a 
catchment, a daily rainfall-runoff model is needed which can accommodate various land cover 
characteristics and provide separate estimates of potential and actual evapotranspiration in its 
evapotranspiration component for each land cover type. Given a model with this capability, the 
impacts of various land-use scenarios on daily streamflow can be investigated. In the case of 
climate change, since GCMs do not provide useable results on a short time scale such as a day 
and on a spatial scale such as a catchment of about 1000 km2, a methodology is required to 
predict the changes which may occur in the climate inputs of a catchment, and the resulting 
impacts on water resources. 
The approach developed here for water resources impact studies of land-use change and climate 
change has three main elements: 
(I) Two stochastic models, one for rainfall (Neyman-Scott Rectangular Pulses, NSRP, model) 
and the other for potential evapotranspiration (PET), are employed to generate daily rainfall and 
daily PET sequences, respectively. These models have been validated using historic records for 
the study catchment. 
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(II) The ARNO model has been calibrated and validated using daily streamflow data for the 
study catchment. The evapotranspiration component of the model has been modified to obtain a 
satisfactory water balance. The model is then extended to include the explicit calculation of 
interception for different land cover types within the catchment. The runoff from these areas is 
then routed to the catchment outlet. 
The rainfall and PET models are used to generate synthetic daily input series to the modified 
ARNO model for present catchment land-use conditions, and overall procedure is validated using 
the historic streamflow record. This is then worked out using the extended model and referred to 
as the constructed `control' scenario which is used as a benchmark for assessing land-use change 
impacts on water resources for two different land-use scenarios. 
(III) The transient GCM climate scenarios are used as the starting point for assessing climate 
change impacts. Regression relationships are derived between atmospheric circulation variables 
and rainfall statistics used in fitting the NSRP model for present climate conditions and then used 
to predict the rainfall statistics for future conditions using GCM outputs. That is, the scenarios of 
a climate model are downscaled by a regression technique to a resolution sufficient to represent 
daily rainfall at the catchment scale. To generate potential evapotranspiration (PET) scenarios, 
an empirical equation is used to estimate PET daily values as a function of temperature, thus 
enabling future scenarios to be generated as a function of GCM temperature predictions. 
Generated rainfall and PET scenarios are used as inputs to the adapted ARNO catchment 
response model to generate daily streamflow data. Impact assessments using both land-use 
change and climate change scenarios are then carried out using a range of water resources 
assessment measures such as flow duration curves, cumulative run sums and storage/yield 
relationships, and the practical implications discussed. 
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The movement of water within the earth system (atmosphere, land surface, ground water, and 
sea) follows a specific conservation law, globally and locally, which is known as the water 
balance. This balance states that precipitation must equal runoff plus evapotranspiration plus or 
minus any change in storage. This study is concerned with the precipitation of water from the 
atmosphere to land and from land to the catchment outlet. It considers the processes of rainfall, 
evapotranspiration, and catchment response as streamflow and the impacts on these processes 
resulting from land-use and climate change. In the case of streamflow, its study is identified as 
primary to the investigation of, for example, water supply, food supply, and disaster protection 
measures. Precipitation and evapotranspiration interact with a catchment to produce streamflow. 
These processes have been studied broadly by various scientists and can be classified into two 
categories, namely deterministic and stochastic processes. 
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Precipitation is highly variable in space and time, and from a hydrological standpoint, has been 
treated as a stochastic process. This allows a stochastic model to be used in conjunction with a 
deterministic model of a catchment system to allow the long-term behaviour of the system to be 
assessed from the standpoint of water resource reliability. Land-use change and climate change 
are usually associated with anthropogenic activities. The results of climate change experiments 
have confirmed the potential for human activities to alter the climate system (Houghton et al., 
1996). These anthropogenic impacts on the hydrological regimes of catchments, such as effects 
of global warming on the local precipitation regime as well as local land-use, has been a major 
concern for policy makers in recent years particularly when considering vulnerable water 
resource systems. To study the hydrological consequences of these anthropogenic changes to the 
climate and the hydrological regimes of catchments, stochastic models of precipitation and 
potential evapotranspiration, which can reflect climate change effects, can be linked to a 
deterministic catchment models which can reflect land-use change effects. 
1.2 Stochastic Generation of Daily Stream flow 
The application of stochastic processes to the modelling of hydrological processes is known as 
stochastic hydrology, which, in turn, has evolved from statistical hydrology. In this respect, a 
statistical procedure does not consider temporal behaviour, while a stochastic process is normally 
adapted to model time series (Parzen, 1962). The stochastic approach in hydrology comes from 
the idea of the random nature which exists in flow processes, either in the surface or the 
subsurface in the form of river flow or soil moisture series, respectively. In the context of water 
resource system design, stochastic hydrology was first employed by Thomas & Fiering (1962). 
They used a monthly time series model (since known as the Thomas Fiering Model) in 
CHAPTER 1 INTRODUCTION 3 
conjunction with Monte Carlo sampling on a digital computer to generate synthetic streamflow 
series for use in water resource system analysis and design. 
The synthetic generation of runoff data has, over the years, been a major focus for research in 
hydrology. The perceived advantages in generating synthetic data are the following: 
1. large samples of data generated using a stochastic approach usually contain more 
information than historic data, and enable more extreme conditions to be studied than 
with historic data, 
2. using an approach based on regionalisation of model parameters, synthetic data may be 
generated at points where no data are available. 
The stochastic modelling of hydrologic time series is now accepted as one of the basic tools for 
use in the planning and operation of water resources systems in general and of water storage 
related systems in particular (Pegram et al., 1980; Basson et al., 1994). The reasons lie in the 
need for evaluation of proposed system designs, where statistical evaluations are needed to 
evaluate reliability and risk. An important limitation of evaluating the proposed designs using the 
historic record alone is that this gives a limited idea of the risks involved. For example, if a 
storage reservoir is to be designed to meet a target draft, the engineer wants some idea of the 
likelihood that the dam will run dry during its economic life. In this context, Fiering & Jackson, 
(1971) note that synthetic data can be used 
1. to provide data over a designated period of time, for example, as long as the proposed 
economic life of a dam or a system of structures for flood control, and 
2. to create the potential for increased scope and sensitivity of evaluations. 
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However, synthetic flow data do not improve poor records but merely improve the quality of 
designs made with whatever records are available as was also pointed out by Fiering & Jackson 
(1971). 
Due to the increasing attention paid to various aspects in water resources management such as 
water quality and environmental considerations, more detailed streamflow information has been 
felt to be required based on the analysis of daily flow data rather than monthly and annual ones. 
Moreover, the role of daily streamflow data in small catchments is equally significant to monthly 
flows from the large catchments. Furthermore, daily data are needed to evaluate storage 
requirement and reliabilities for pumped storage and regulating reservoirs (Cole et al., 1979). 
In the stochastic hydrology literature, suitable time series modelling approaches have been 
developed for modelling daily streamflow (e. g. Salas et al., 1980). However, problems arise with 
this approach if changes are occurring to the precipitation regime generating the historic 
streamflow data, or if land-use changes are occurring within the catchment which may alter the 
water balance and the streamflow regime. Traditional time series modelling approaches employ 
historic streamflow data only and will generate synthetic data which are representative only of 
the historic conditions. It is not possible to predict how the model parameters should be changed 
that reflect changes in the precipitation and catchment response regimes. Developing a 
methodology to deal with these problems is the main focus of this study. 
1.3 Land-use Change Impacts on Stream flow 
Changes to streamflow regimes are occurring over time due to changes in land-use associated 
with various economic, social, technical and other environmental causes. Outside of urban areas, 
changes in land-use which lead to changes in streamflow at the catchment outlet are primarily 
associated with changes in the evapotranspiration regime. Such changes can be investigated 
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using a rainfall-runoff model provided that an evapotranspiration component, which can deal 
with different vegetation types, is included. Moreover, in order to study the impacts of changes 
of various land covers such as forest, in particular, an interception module should be incorporated 
in the evapotranspiration component. Other changes may occur to the flow and sediment regimes 
of catchments but these are not the focus of the research conducted here. 
Assessing the impacts of land-use change on streamflow and ultimately on water resources needs 
a proper estimate of interception loss, particularly for catchments with significant forested areas. 
The factors affecting interception in a broad sense are rainfall intensity, vegetation 
characteristics, and atmospheric conditions. With regard to transpiration, atmospheric conditions 
and stomata! resistance are the main factors affecting this. 
In this study, the problem of various land covers as well as incorporation of interception loss in 
evapotranspiration regimes, particularly when dealing with daily data, is tackled. In this respect, 
a control scenario is developed by revising the evapotranspiration module of the ARNO rainfall- 
runoff model (Todini, 1996), particularly with an explicit estimation scheme for interception loss 
i. e. to include a vegetation canopy model to model the process associated with the interception of 
rainfall as well as a spatial resolution of the description of various land cover types to represent 
the present land-use conditions after its validation. Two future land-use scenarios are also 
defined, and their impacts on generated streamflow values and low flow characteristics (on water 
resources) are investigated. 
1.4 Climate Change Impacts on Streamflow 
There is increasing evidence that global warming associated with increasing concentrations of 
greenhouse gases in the atmosphere is leading to changes in climate which may have significant 
impacts on streamflow regimes. These impacts may create problems for water resources 
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management particularly if the variability of streamflow regimes is increased. There is a need for 
modelling tools which can be used to assess the potential impacts of climate change on 
streamflow regimes and water resources. 
As already noted, there is no obvious method of perturbing the parameters of a stochastic 
streamflow model to reflect the effects of changes under the scenario of an altered climate. The 
approach employed in this study, in which a stochastic rainfall model is used to drive a rainfall- 
runoff model, would appear to be a suitable for use in climate change impact studies. In this 
respect, the parameters of the rainfall model can more readily be linked with atmospheric 
circulation variables. These variables, themselves, can moreover be characterised for General 
Circulation Model (GCM) outputs (climatic scenarios). The potential changes in precipitation (as 
function of these variables) and temperature reflected in climatic scenarios, can be then translated 
into soil moisture and runoff predictions. 
The preparation of climate change scenarios has been considered to be a complex procedure 
involving many approximations and crude assumptions. The objective here is to develop and use 
a more sophisticated method of producing climate change precipitation scenarios and further 
demonstrate its application to a hydrological system. The scenario production method will be 
validated and further will be used for water resource impact assessments. 
Since all GCMs operate at large time and space scales, it is intended to downscale the 
precipitation output scenarios to a fine resolution which is appropriate to the scale of study 
catchments such as the one selected for this study. That is, the scenarios obtained are of sufficient 
spatial and temporal resolution for rainfall-runoff modelling at the catchment scale as well as of 
sufficient length to represent the long-term variability which controls the reliability of water 
resource systems. 
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Two types of experiment, commonly called an equilibrium experiment and a transient response 
experiment, have been used in climate models. With the former type of experiment, the aim is to 
estimate the equilibrium response of the model by abruptly increasing and, in particular, 
doubling the atmospheric CO2 concentration relative to a base year. The "transient response" 
experiment uses the climate model to predict the evolving response to gradually increasing 
greenhouse gases, say a 1% per year increase. The term "maintained perturbation" for this type 
of simulation has also been used (Loaiciga et al., 1996). 
While there is convincing evidence of increasing concentrations of several greenhouse gases 
including CO2 , methane, nitrous oxide and chlorofluorocarbons (CFCs) in the past which are the 
main causes for global warming climate change, it is believed that, due to the burning of fossil 
fuels, the amount of sulphate aerosols in the atmosphere has also increased. These particles 
scatter sunlight and hence tend to cool the climate. Therefore, the opposite (cooling) effect of 
sulphate aerosols on climate warming should not be ignored in climate change impacts studies. 
Isaksen et al. (1992) discussed the matter and suggested that sulphate aerosol increase should be 
incorporated in climate models in order to fit the observed record. 
1.5 The Objectives of this Study 
As described, the stochastic simulation of daily flows that has traditionally been approached by 
estimating the parameters of a stochastic model directly from a historic streamflow record cannot 
be used to reflect scenarios of altered land-use and/or climate. The aim of this study is, therefore, 
to provide a suitable approach where stochastic models of rainfall and potential 
evapotranspiration are used in conjunction with a rainfall-runoff model to generate stochastic 
daily streamflow sequences reflecting both land-use and climate change scenarios at the temporal 
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daily scale as well as the spatial catchment scale. This methodology is validated through an 
application to a study catchment (upper Thames) in England. The objectives are summarised as: 
1- to calibrate and validate climatic data generation schemes for rainfall and potential 
evapotranspiration variables which can account for perturbations to the model parameters 
reflecting future climate conditions; 
2- to calibrate and validate a catchment rainfall-runoff model using climate and hydrologic data 
for use in both climate and land-use change impacts studies; and 
3- to validate synthetic streamflow data using historic data for present conditions, and to generate 
data reflecting future land-use and/or climate conditions. 
1.6 The Layout of this Thesis 
The organisation of this thesis is as follows: Chapter 2 presents a literature review, mainly on the 
impact assessment of land-use and climate changes on streamflow and water resources. The 
methodology employed for conducting the study is developed in Chapter 3. In Chapter 4, a 
stochastic approach to modelling daily rainfall time series is adopted and used for the generation 
of rainfall data. The stochastic generation of daily potential evapotranspiration data is carried out 
in Chapter 5. The adaptation of a rainfall-runoff model to represent and fit the catchment 
hydrology is described in Chapter 6. Chapter 7 evaluates the methodology for the synthetic 
generation of daily streamflow data using the generated series of climate data as well as the 
rainfall-runoff model. A water resources impact study reflecting land-use change through a 
modification of the rainfall-runoff model is demonstrated in Chapter 8. The schemes developed 
for incorporating changes in basin rainfall concurrent with changes in temperature, and their 
application to water resources impact assessment are all described in Chapter 9. Moreover, 
Chapter 9 includes the description of water resources impact assessment as a result of combined 
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application of both land-use and climate change scenarios obtained in Chapter 8 and Chapter 9, 
respectively. Finally, Chapter 10 first summarises the work carried out and the results obtained 
together with an evaluation of results on variability of statistics in generated sequences, and then 
presents the conclusions drawn from this study. Some suggestions for further work are also 
presented. 
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CHAPTER 2 
2. LITERATURE REVIEW 
2.1 Introduction 
The climate change phenomenon is mainly due to man-made activities leading to a rapid increase 
in CO2 concentration in the atmosphere, caused by the burning of fossil fuels and extensive land 
clearing operations (Liebscher, 1987). To explain, a doubling of atmospheric CO2 content, which 
has been estimated to occur within the next 50 years, is associated with a rise of mean 
temperature in the earth's Northern hemisphere by 1.50 to 4.5 °C as indicated by the results of 
global climate models. The impact of the change of concentration in green house gases in the 
atmosphere on the magnitude and distribution of water resources around the world is the main 
concern for decision makers and politicians in the water industry. The increase in land-use such 
as deforestation in many parts of the world may further affect and change the streamflow regime 
and therefore the resulting impacts also need to be investigated. 
In the planning and operation of water resources systems, in general, and of water storage related 
systems, in particular, there are numerous procedures for the stochastic generation of daily 
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streamflow time series in the literature which employ observed/gauged streamflow values while 
taking no advantage of climate data. Neither these approaches nor those that use observed 
climatic data (see, for example, Kottegoda & Horder (1980)), are capable of accommodating 
climate changes, for example. They deal with climate variability', which comes from yearly 
fluctuations in climate data. They do not, however, allow the incorporation of any future climate 
and/or land-use changes. 
This study deals with a stochastic approach to generating daily streamflow that can incorporate 
the effects of land-use or climate change. In this respect, the stochastic technique is employed as 
an appropriate way for modelling the variability of climate data. It helps to describe the 
uncertainties which exist in climate and water resources data through meteorological and 
hydrological processes. These uncertainties are created by the random nature of climate and 
water resources data. However, this method cannot be employed to model climate change 
directly, since it interacts with the assumption of non-stationarity. In order to include non- 
stationarity, the term `scenario' has been introduced. 
In this chapter, a literature review will be presented firstly on daily streamflow generation using 
the stochastic approach, secondly, on the alterations of land-use affecting water resources and, 
finally, on the impacts of climate change on water resources. 
Defined by Moss & Tasker (1987) as: `changing patterns of weather of extended duration 
beyond the time scale at which weather forecasters can demonstrate their skill with significance' 
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2.2 Daily Streamflow Generation 
2.2.1 Streamflow Data Generation based on Historic Streamflow Data Only 
Earlier synthetic data generation models assumed that the flow occurred randomly, but belonged 
to the same statistical population as the historic streamflow record. Therefore, synthetic 
streamflow data were generated using historic flow records, which were ordered randomly. In 
this respect, a pack of cards was employed to generate synthetic flow data (Sudler, 1927). Later, 
instead, a random number generator was used to select historic flow values for the process of 
synthetic flow generation (Barnes, 1954). The role of stochastic methods in water resources was 
first explored by Thomas & Fiering (1962) in the context of system design and operational 
studies through the generation of synthetic sequences of streamflow through Monte Carlo 
simulation. They developed a stochastic data generation model incorporating the serial 
correlation behaviour of hydrologic data. This serial correlation model was an example of 
Markovian type models; that is a lag-one Markov model, used by, e. g. Matalas (1967). 
Operational monthly flow generators have been developed and tested successfully by Harms and 
Campbell (1967). Kibler & Hipel (1979) and Sorooshian (1983) reviewed these models among 
others. The role of Monte Carlo simulation is to obtain approximate solutions to the complex 
problems that arise in water resources decision making (Moss & Tasker, 1987). 
Streamflow series are usually generated in various aggregation levels such as annual, monthly, 
daily, and shorter after removing the trend or non-stationary component. The methods used to 
generate synthetic sequences of streamflow depends greatly on the aggregation level for which 
sequences of synthetic streamflow are required. For annual flow generation, the random process 
modelling approaches such as autoregressive or, in general, ARMA models are employed. To 
deal with monthly modelling other than the Thomas & Fiering (1962) approach, in which each 
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month's flow is regressed on that in the month preceding (Clarke, 1977), first the data are 
deseasonalised and then a stochastic modelling approach is used. The deseasonalising approach 
is normally used because strong periodicity exist in these types of data. For stochastic modelling 
at shorter time scales such as daily, however, further phenomena such as rapid rising and slow 
falling limbs (such as recession and baseflow) may be visible in flow time series in addition to 
the above characteristics. This is because streamflow at these aggregation levels is under the 
influence of individual storms which produce such characteristics. These additional phenomena 
make the modelling approach more difficult than of the annual or monthly type. 
Efforts have also been made to generate sequences of short time scale data (e. g. daily streamflow 
series) in conjunction with disaggregation models to preserve simultaneously the statistical 
properties of both the sequences of longer time scale data (e. g. monthly and annual flows) and 
the sequences of shorter time scale flows in the generated series (see e. g. Valencia & Schaake 
(1973), and Sargent (1979)). 
The problem of time interval scale for hydrologic studies is a very important issue that affects the 
final results for design purposes. Therefore this effect is particularly vital in large scale projects 
that are highly sensitive to extremes. In terms of investigation economy, considerations of short 
time scales in various aspects including collection, handling and expertise in developing data 
generation schemes, in the past, were not plausible. The powerful computers that are now 
available and accessible together with the recent developments in short time interval research 
works make the economic issues reasonable. 
Reasons for working on daily time interval generation of streamflow are summarised below: 
1. A daily time step is recognised to be better able to represent catchment dynamics when 
compared with the higher aggregation levels. 
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2. Most records are compiled and published in daily intervals. 
3. Daily intervals are sometimes needed for determination of reservoir volume requirements 
for flood control, rather than reservoir storage requirements. This is because the 
fluctuations of daily flow in particular circumstances do not have a crucial effect on 
reservoir storage, which is not the case using monthly data. 
4. Hydroelectric power plants which are of the run-of-river type are usually employed in 
conjunction with relatively small reservoir storage projects, which are more sensitive to 
short time interval changes of flow. 
5. Daily interval data give relatively more accurate estimates for hydrologic designs. This 
has a vital role in decision making and in making clear the advantages and disadvantages 
of projects. 
6. Even for the requirements of the large scale time interval studies, such as weekly, 
monthly and yearly intervals, the results of using daily, and generally short time interval, 
models give better estimates for the desired designs. 
7. Although most studies might demand an economically larger time scale than daily to 
reach their objectives, in some circumstances, however, it is not the case. These are, 
among others, in the study of pumped storage reservoir simulations (Cole et al., 1979), in 
water quality control and fisheries during low flow periods (and in general, in low flow 
studies). Moreover, the need has been felt with respect to the regulation and routing of 
floods and in peak flow studies. 
In comparison to the longer time scale of streamflow such as annual and monthly aggregation 
levels, rather less attention has been paid to the stochastic modelling of daily streamflow time 
series to reproduce the special features mentioned earlier. Having considered these approaches, 
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two categories are distinguished: 1) using historic flow values, and 2) employing climatic data, 
mainly precipitation and temperature, together with a rainfall-runoff model. 
Regarding the former category, Beard (1967) synthesised daily flows by developing a monthly 
flow generation procedure, together with a separate AR(2) model for daily data in each month. 
Quimpo (1967) used an AR(2) autoregressive process to model deseasonalised daily flows in the 
United States. Payne et al. (1969) developed a multiple-station daily streamflow generator and 
simulated flow values on the basis of the statistical parameters of recorded data. In another 
attempt, Hall & O'Connell (1972) analysed mean daily flows measured at a water supply intake 
on the River Swincombe (UK) and showed an AR(1) model could be considered adequate. 
O'Donnell et al. (1972) also generated daily streamflow values by application of the same 
procedure. Kottegoda (1972) found that an AR(4) type model was required to fit pentad (5-daily) 
data in England and Wales. Then, Box & Jenkins (1976) introduced the very popular 
Autoregressive Integrated Moving Average (ARIMA) approach (in which the Markovian 
autoregressive models are special cases) to time series modelling. Since then, it has been utilised 
by various researchers to model and generate hydrologic time series, by O'Connell (1977a) and 
Delleur & Kawas (1978) amongst others. In parallel, the shot noise model (a special case of a 
filtered Poisson process, FPP) was suggested (as described first by Parzen (1962)) and fitted in 
various forms to historic daily streamflow records by Weiss (1973), Weiss (1977), and O'Connell 
(1977b). Treiber & Plate (1977) introduced another FPP type of model, called a linear transfer 
system, to generate daily streamflow. Kottegoda & Horder (1980) also generated daily 
streamflow data based on the occurrence of rainfall using transfer function-pulses analysis. 
Vandeviele and Dom (1989) tried to remedy the difficulties noted in these models such as 
parameter parsimony by proposing an alternative model but based on a Markov process. 
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Various other approaches have employed elements of linear system theory (Dooge, 1972; 1977) 
to model daily streamflow (see Sugawara (1979) in the context of a single event analysis, 
Pegram (1980) as a continuous streamflow analysis, and Kelman (1980) who modelled the rising 
and the falling limbs of the hydrographs separately). The rising and falling limbs were, 
moreover, assumed to be influenced by the driving precipitation process and by the drainage of 
the water stored in the catchment, respectively. 
To overcome the problems identified in various forms of shot noise models such as the 
assumption of independence of the two processes with `fast' and `slow' response or the 
assumption of a temporally independent Poisson process and, moreover, to take advantage of 
linear system theory, Cowpertwait and O'Connell (1992) proposed a generalised concept of 
Poisson shot noise model (denoted as Neyman-Scott shot noise model, NSSN) to achieve a more 
physically realistic way of stochastic daily streamflow generation. They applied the NSSN model 
to two riverflow data series in the UK successfully. 
However, the above-mentioned approaches cannot accommodate the climate variables (such as 
temperature or potential evapotranspiration and precipitation) or land-use change to study their 
impacts on water resources when it is needed. This has lead to approaches which employ climatic 
data as well as a rainfall-runoff model for daily streamflow generation (referring to the second 
category mentioned above). The following review covers this type of work. 
2.2.2 Streamflow Data Generation Based on Climatic Data and a Catchment 
Model 
In order to accommodate land-use and climate characteristics, a deterministic catchment response 
model and one or more climate model(s), such as rainfall, potential evapotranspiration and/or 
temperature models, are preferred in which their parameters represent physical features and 
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characteristics of the catchment and climate, respectively. This type of approach take advantage 
of more lengthy recorded rainfall data (and, sometimes, other climate variables) rather than the 
usual short period recorded runoff data for streamflow synthesis. This approach can also provide 
a better understanding of the vulnerability of water resource systems to land-use and climate 
change (Mimikou & Rao, 1982). 
With regard to catchment response studies, the literature contains many efforts to model the 
complex physics governing the transformation of climate data into runoff. The main problem, 
however, is to define the parameters of those models to suit particular catchments. Among the 
first attempts, a cascade concept of linear and non-linear reservoirs has been used to represent the 
hydrologic system mathematically (e. g. Onstad & Jamieson, 1970) for catchment response 
studies of a single storm rainfall event. 
A significant number of studies in the literature have been devoted to developing and applying 
rainfall-runoff models for daily streamflow simulation; these studies employ calibration and 
validation procedures, together with discussions of the results and indications of their limitations, 
using catchment hydro-meteorological data (see e. g. Clarke (1973a), and Nuckols & Haan 
(1979)). For a review and description of the complex `conceptual models' developed mainly for 
operational purposes using short time-scale data such as hourly and daily time series see e. g. 
Franchini & Pacciani (1991) and Todini (1996). 
Numerous studies have also been devoted to developing and testing rainfall-runoff models in and 
and semi-arid regions by defining the mathematical formulation of the processes that are most 
important to these types of regions. The processes such as infiltration, soil moisture storage, 
rainfall spatial distribution, evaporation, and groundwater recharge vary between different 
climates due to the existence of differences in soil type, topography, and rainfall patterns. 
However, some authors have tried to introduce generalised catchment models irrespective of the 
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climate, humid or arid. For example, Girard (1975) produced time series of daily runoff 
discharge from simulated daily rainfall data through a deterministic rainfall-runoff 
transformation model for a semi-arid catchment. The rainfall-runoff model was based upon a 
gridded map of the catchment. Each square of the grid was defined by its physiographic features, 
its size and the drainage direction in it. The model had two separate components, a production 
function and a transfer function, to facilitate its easier application in different climate zones and 
its transposition from one catchment to another in the same hydrological region, although he did 
not test this. 
For synthetic generation of streamflow, however, there is a need to generate synthetic climate 
data (e. g. precipitation, temperature) before feeding them through the rainfall-runoff model. This 
may be achieved by employing stochastic models of precipitation and evapotranspiration. 
Climate data generation also provides an opportunity to fulfil the requirement of accommodating 
changes in climate variables to provide a basis for generating synthetic flow data reflecting 
climate change. 
However, very few studies have been reported in the literature which employ a stochastic 
modelling approach to climate data in conjunction with a rainfall-runoff model. At the monthly 
level only, the approach of synthetic generation of parallel sequences of rainfall and temperature 
has been reported in the literature (see, e. g. FAO (1970), as quoted by Clarke (1977)). In this 
specific study, synthetic series of rainfall and potential evapotranspiration data are fed into a 
rainfall-runoff model to generate synthetic runoff data. This approach, moreover, allows the 
projected changes in both climate and land use to be simulated by changing the corresponding 
parameters in the rainfall and/or potential evapotranspiration models as well as in the rainfall- 
runoff models. 
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2.3 Land-use Change and Water Resources 
2.3.1 Introduction 
Land-use may be subject to future change due to many factors. For example, farming is likely to 
become less intensive and environmentally conscious in the future (Parry & Duncan, 1995). A 
change in land-use has a direct effect on hydrology and hence on water resources through its link 
with the evapotranspiration regime. Any change in land-use and hence in vegetation cover can 
have impacts on potential and actual evapotranspiration as well as on the discharge regime, 
which reflects the integrated behaviour of all the hydrological processes acting in the catchment. 
Therefore, a good estimate of actual evapotranspiration is required to study the water resources 
behaviour of the catchment. In this respect, various studies of changes in land-use within 
catchments have been carried out using catchment experiments and catchment models. Computer 
simulations have also been used as an aid to decision making in water resources management. 
Evaluation of the effects of various changes in land-use, such as afforestation and deforestation, 
have been focused on two approaches. These are (1) catchment studies, which seek to determine 
the integrated effects through a catchment scale approach, and (2) process studies, which have 
been directed to identifying, understanding and quantifying the underlying processes which 
determine the impacts. In this respect, process studies may be regarded as the scientific 
understanding of the internal processes involved in a catchment. Study of land-use impacts in a 
process manner requires accurate quantitative representations of the mechanisms by which 
precipitation contributes to e. g. evapotranspiration, possibly interception, and runoff in both 
original and changed states. The need for process studies was also felt when the effects of the 
changes in the land characteristics (through the selection of tree species, spatial pattern of uses, 
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etc. ) were not reflected properly in catchment hydrological behaviour. In this respect, process 
study modelling techniques were increasingly developed (see e. g. Voroesmarty et al., 1991). 
The role of experimental (including paired) catchments in land-use change studies are also worth 
noting. These were devised and established to provide a better understanding of the processes 
involved. A review of studies using these catchments, which have had the most impact on the 
development of understanding of forest hydrology, has also been presented by Whitehead & 
Robinson (1993). For example, regarding the use of paired catchments, a change in land-use is 
imposed on one basin during the study and the other basin is kept unchanged and used as a 
`control'; the flows from the two basins, which are assumed to be similar in all aspects except 
vegetation cover, are compared directly. 
In this section, after a short survey of policy and climate change influences on land-use, first, a 
review of impacts of land-use change on catchment water yield is presented. Then, impacts of 
land-use change on the evapotranspiration process, including evapotranspiration models, 
interception loss and transpiration, are surveyed. Finally, streamflow regime is distinguished and 
studied under the effects of land-use change. 
2.3.2 Policy Influences on Land-use 
Any appropriate land-use change policy should be driven by the needs of development, that is, 
future land-use should respond to the demands which any region is faced with during its 
development. For example, the present increasing pressure on land-use, in terms of cropping, 
grazing and deforestation, can lead to an altered use of the land in future. 
In Britain at present, a major part of the total agricultural area is covered by grassland of one sort 
or another which is the basis for the ruminant livestock industry (Parry & Duncan, 1995). Over 
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the last decade, the areas of cropped lands have declined. The introduction of the Common 
Agricultural Policy (CAP) reforms in 1992 also resulted in decreases in the areas of arable lands. 
Except for the smallest farms, these reforms require at least 15% of land growing cereals, 
oilseed, and protein crops be taken out of production for the duration of the set-aside period, in 
order to receive Arable Area Payments. In the future, environmental considerations may play a 
much greater part in forming government policies which could result in restrictions on current 
grassland management practice. 
Land-use impact studies are usually performed by the incorporation of scenarios into the 
catchment modelling system. These scenarios might, in turn, be constructed following the land 
policy influences and alterations on the catchment. The scenario of land-use change directly due 
to climate change can, moreover, be considered. The next section will explain the alterations of 
land-use due to influences of climate change only. 
2.3.3 Climate Change Influences on Land-use 
This section considers the potential effects of climate change on land-use. Agriculture can be a 
significant user of land including grassland. For example, currently in the UK 70% of the total 
land area is used in this sector, of which about 54% is made up grassland. About 8% of the total 
land area is also occupied by forests. Parry & Duncan (1995) have reported that future increased 
temperatures are going to alter the yields of existing crops and to improve the sustainability of 
cultivated crops. According to the Climate Change Impacts Review Group, CCIRG (1996), 
warmer winter temperatures will, moreover, sustain grassland productivity in the wetter north 
and west of the UK. 
Regarding the forest areas, the effect of increased carbon dioxide concentration on various 
species has been studied. Various authors have reported that the current volume increase of 
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Norway spruce and Scots pine trees, compared to similar stands a century ago, is as a result of 
the increase in ambient concentrations of CO2 , although other factors such as higher temperature 
or nitrogen deposition may also be involved (see e. g. Sterba (1995)). Given an adequate water 
supply, increased summer temperature will also result in higher growth rates for most tree 
species. Higher summer temperatures might encourage the planting of some productive exotics 
such as Pinus radiata and possibly Eucalyptus. The possible effects of temperature increase on a 
range of species have been outlined by Cannel et al. (1989). 
As a further consideration, the increased evaporation stresses projected for the south of England, 
coupled with decreased rainfall, would markedly increase soil moisture deficits which can 
adversely affect growth rates for many species. Generally, CCIRG (1996) concludes that the 
effects of the projected changes in climate will not alter the species composition in upland 
forests. However, deleterious effects will be most marked in southern, lowland, Britain. 
2.3.4 Impacts of Land-use Change on Catchment Water Yield 
One important hydrological change is the effect of land-use change on water yield (i. e. total 
annual runoff). For example, the effect of vegetation removal, among the other changes of land- 
use, on the water yield of experimental catchments has been studied and presented in the 
literature. Other studies of interest in this respect are those of reservoired catchments, which are 
mainly used for hydroelectric power generation. The potential reduction of water yield in these 
catchments due to the effects of afforesting grassland vegetation catchments has been of primary 
concern (see e. g. Whitehead & Robinson, 1993). 
Regarding the reduction in water yields after afforestation, due mainly to increased interception 
losses from forests, Calder & Newson (1979) carried out a study to show that the water yield 
from the uplands in UK was related to the relative proportions of land under forest and hill 
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farming. In this respect, they compared the water balance of sheep pasture of the catchment areas 
of the river Wye with that of the Severn with 62% "under forestry" (both in mid-Wales). The 
average annual precipitation of the areas of the two catchments of Wye and Severn, which are 
typical of the British uplands, range from 2100 mm to 2600 mm with increasing altitude. A 
distinction between the two terms of "under forestry" and "canopy coverage" was also made to 
differentiate between the forested land holding (mapped area of forestry) and the actual coverage 
of forest canopy used in modelling studies of forest evaporation (with the area being less than the 
case of "under forestry"). This difference was accounted for by roads, fire breaks, rivers, and 
immature plantation. They concluded that the loss observed in runoff for the Severn catchment 
(20%), compared with the Wye, was due to losses arising from the interception of rainfall by the 
forest canopy and its subsequent evaporation, as advocated for the first time by Rutter (1958), 
rather than the transpiration of trees and grass. This is in accord with the results obtained from a 
forest lysimeter close to the centre of the Severn catchment, for which the transpiration and 
interception components of the water balance were measured separately (Calder, 1976), that 
showed the interception losses were 75% more than transpiration. 
With regard to the effect of vegetation removal on the water yield of experimental catchments, 
Bosch & Hewlett (1982) reviewed the results for many (94) of these studies, mostly deforestation 
rather than afforestation, and concluded that the removal of forest cover leads to a consistent 
pattern of increased annual flow, although there is a large variation in the amounts between 
basins, while reforestation of open lands generally leads to a decline in overall streamflow. A 
major source of the differences between the consistent increases or decreases is likely to be the 
different climate conditions, especially the precipitation and interception regimes. 
In another study, the decline of the area of native pasture used for grazing in favour of a 
significant rise of the area under improved pastures between 1950 and 1980 in a catchment of the 
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size of 3010 km2 in northern New South Wales (Australia) produced less monthly streamflow 
during 1966-80 than in 1950-65 using flow duration analyses for the two sample periods (Ring et 
al., 1984). 
Bruijnzeel (1990) summarised some of the published data for experimental catchments in the 
humid tropics. Most of the data are based on paired catchment experiments. The data support the 
general findings of Bosch & Hewlett (1982) that removal of the natural forest cover may result in 
a considerable initial increase in water yield (up to 800 mm per year; possibly more in high 
rainfall regions), depending mainly on the amount of rain received after the treatment. 
Regarding the afforestation of degraded grassland or cropland in the tropics with fast growing 
tree species such as pines and eucalyptus, there is also evidence of declining water yields. This 
reduction in flow is believed to be caused by the increased evaporative loss from tall vegetation 
during rainy spells (i. e. interception) and by the higher transpiration from trees during dry 
periods (Bruijnzeel, 1990). The latter is generally an indication of the more extended root 
network of trees as compared to short vegetation, and the high transpiration demands of non- 
native vegetation such as eucalyptus. With regard to the water yield reduction from degraded 
crop or grassland following afforestation and even more so after coppicing of the trees, 
Bruijnzeel (1990) explains the reason as evapotranspiration overriding the gains in infiltrated 
water. He concludes that conditions will differ between sites and any analysis should take into 
account prevailing rainfall intensities, infiltration capacities before and after tree planting, 
hillslope hydrological patterns as well as differences in rainfall interception and transpiration 
between the two vegetative covers. 
Hall & Harding (1993) developed a daily process (physically) based procedure to estimate water 
use of a catchment which might be subject to afforestation. They used seasonal models ranging 
from the simple to the complex. The effects of spatial variability of rainfall, climate and 
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vegetation on water use of the catchments were investigated by the more complex models. 
Having split the catchment into 3 altitude ranges and estimated a maximum change of 44 mm in 
annual water use compared with the whole-catchment estimate, they found that differences 
between the predictions from all of these models were not large and at most 10% of the 
evaporation. They concluded that the simple models may have a wide applicability both 
temporally and spatially despite their more empirical nature. Although the annual totals produced 
by the seasonal models were generally within 10% of the predictions of the simple annual model, 
it has not been possible to check the short-term water use predictions due to uncertainties in 
short-term values of P-Q (precipitation -discharge). The differences between the process 
estimates of the evaporation and the catchment P-Q values on a single-year basis are reported to 
be easily accommodated within the uncertainties associated with the two methods. 
2.3.5 Impacts of Land-use Change on the Evapotranspiration Process 
2.3.5.1 Introduction 
Rainfall over the catchment recharges the soil water, replenishing groundwater storages and 
providing runoff in streams and rivers. Some of this rainfall is returned back into the atmosphere 
before it can contribute to runoff or groundwater. This is called `evapotranspiration' and 
constitutes three loss components: interception, transpiration, and bare soil evaporation. 
Interception loss is that proportion of the rainfall that evaporates back to the atmosphere from 
vegetation surfaces before it reaches the ground. Transpiration is defined as the water evaporated 
from the leaves through the stomata (small pores in the leaf surface), which in turn comes from 
the plant roots. Bare soil evaporation is the water evaporated from the bare surface of the soil and 
small natural reservoirs spread over the catchment, called detention storages. Primarily, the type 
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of vegetation, the condition of the soil and the climate of the catchment are the key issues, which 
determine the comparative importance of these different components. 
The distinctions made in the above paragraph highlight the differences between the various 
components of the evapotranspiration process. This definition for evapotranspiration is accepted 
by almost all scientists (Calder, 1997). 
The use of process-based models on water balance and land-use change studies is widely 
reported in the literature. These models have also been used for cross checking between the 
predicted annual water use (by actual evapotranspiration) and the respective measured values 
(difference between rainfall input and runoff output amounts) as well as in both (see e. g. Roberts 
& Harding (1996)). 
The process of evapotranspiration exerts a strong control on runoff production in a natural 
catchment system. Therefore, in catchment modelling studies when land-use change is 
concerned, particularly in continuous simulation, its significance is highlighted. The catchment 
water balance studies explained above might be used for estimation of actual evapotranspiration 
in the catchment. However, they cannot provide a process-based procedure to be used in land-use 
change studies. 
2.3.5.2 Evapotranspiration Models 
One of the methods for investigating land-use change impacts on catchment hydrology has been 
to study the process of actual evapotranspiration through evapotranspiration models. They 
simulate the rate of evapotranspiration through parameters that are readily measured or estimated 
allowing land-use changes to be explicitly represented (see e. g. Chanasyk & Verschuren (1980) 
and Wigmosta & Burges (1990)). 
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The complex processes involved in actual evapotranspiration are influenced by many factors. 
Mostly these factors are dependent on the local conditions in the catchment. These include 
meteorological and soil moisture conditions, plant water requirements and the physical 
conditions of the land cover. Since measurements of actual evapotranspiration are rarely 
available, inevitably mathematical models have been used to predict its temporal and spatial 
variations. The data needed for studies of this type are meteorological and land-use data to 
describe climate and vegetation cover, respectively. 
In evapotranspiration studies, the concept of potential evapotranspiration (PET), attributed to 
Thornthwaite (1944), is widely employed and used. PET is defined as the amount of 
evapotranspiration that would take place under the assumption of an unlimited supply of 
moisture at all times. It can also be attributed to optimum crop water requirements (CWR). PET 
is frequently used to estimate actual evapotranspiration (AE7) within catchment models. In this 
respect, the estimation of PET, which is a function of only climate conditions, is considered a 
prerequisite for the study of the evapotranspiration process. 
There are many models developed to predict the PET which can be grouped into (1) 
temperature-based models such as the Thornthwaite (1948) and Blaney-Criddle formulae 
(Doorenbos & Pruitt, 1977), (2) radiation models such as Priestley-Taylor formulae (Priestley & 
Taylor, 1972), (3) combination models (also known as the combined Mass-Transfer method and 
Energy Balance method) such as the Penman formula (Penman, 1948), and the related modified 
versions, such as Penman-Monteith formula (Monteith, 1965), and (4) pan-evaporation models 
(see e. g. Doorenbos & Pruitt (1977)). 
Empirical approaches to estimating actual evapotranspiration from catchments are provided by 
the relationships of Thornthwaite (1948), Hargreaves & Samani (1982), Turc (1955) (as quoted 
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by Shaw (1994)), and those based on pan-evaporation data. Regarding the estimation of crop 
coefficients, the Blaney-Criddle formula (Doorenbos & Pruitt, 1977) is worth mentioning. 
Another example of using catchment observations is the simple evapotranspiration model of 
Calder & Newson (1979) which accounts for annual losses from catchments with a mixture of 
forested and non forested areas. It is based on the sum of the proportional losses arising from 
those areas. In drier areas (such as in the lowlands), where interception is a smaller component of 
the total evapotranspiration, they, however, reported that it can not be used. In these types of 
catchments, they showed that differences between forest and grassland evapotranspiration are 
likely to be small. Therefore, in order to take into account the different transpiration 
characteristics of forest and grass, more complex evaporation models would be needed to 
determine the magnitude of any difference (see Calder & Newson (1979) for more details). 
Among the evapotranspiration models, the Penman and Penman-Monteith models have become 
highly regarded and widely used in evapotranspiration studies. These are the key equations that 
can represent the effects of land-use changes. The remainder of this section explains the Penman 
and Penman-Monteith equations. 
The rate of natural evapotranspiration is a complex function of atmosphere, soil, and vegetation 
factors. A convenient way to bring some structure into this complexity is to define certain 
`standard' rates of evapotranspiration, which gives a measure of meteorological or climatological 
control on the evapotranspiration process at a particular location (Shuttleworth, 1979). Penman 
(1948) introduced the concept of potential evaporation as the quantity of water evaporated from 
an idealised, extensive free water surface per unit area per unit time under existing atmospheric 
conditions. This concept bears a reasonably close relationship to actual evaporation from 
particular free water sources. Moreover, it gives some measure of the meteorological control on 
evaporation. The Penman equation, as an estimate of potential evaporation (E0), which is 
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commonly treated in the literature in the equivalent form of the flow of latent heat (A. E0), has the 
following form: 
0Q +y f(u)(e, -e) ý, Eo = O+y 
in which 
Equation 2.1 
f(u) = 0.26(1 +U/100), where U is the corresponding wind velocity in miles per day, 
A is the mean saturated vapour pressure gradient between two temperatures Tl and T2 (mb *Cl ), 
y is the so-called psychrometric `constant' (= 0.66 mb °C1 at 20 °C and 1000 mb), 
A. is the amount of energy per unit mass of liquid water (latent heat of vaporisation of water) 
(=2.47x 106 J kg" at 10 ° C), 
e and es (mb) are actual and saturation values of vapour pressure measured at a height z above d, 
the zero plane displacement of the crop (d - 0.75h, where h is the vegetation height), and 
Q is a measurement of net energy input relevant to a free water surface (WM-2 ). 
The necessary measurements, therefore, are dry bulb temperature, wet bulb temperature, wind 
velocity and net radiation. 
XE0 may be equal to XERC (Reference Crop Evaporation) if Q, is a measurement of net energy 
input relevant to short green vegetation (Rijtema, 1965). Rijtema (1965) has demonstrated that, 
by providing the measured or estimated net radiation used in the equation which is relevant to the 
vegetation itself, it actually provides an estimate of Potential Evapotranspiration (ß, E1) for short 
green vegetation. Therefore, the Penman formula provides an estimate of Reference Crop 
Evapotranspiration (XERO) as accepted by Shuttleworth (1979). The recognition of a distinction 
between X, ERc and AE, is based on the realisation that XE1 can differ from crop to crop in 
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response to different transpiration controls and different levels of advective enhancement. 
Shuttleworth (1979) stated that, although equation 2.1 contains empirical relationships which 
should be tested in each application if possible, it involves a lower level of empiricism compared 
to other equivalent models such as radiation models. 
The simple existing models such as the Penman equation (explained above), among others, 
which is commonly taken as a surrogate to potential evapotranspiration (i. e. Et or PET, as 
chosen in this study), do not, however, give an indication of how the potential rate may be 
converted to give an actual evapotranspiration rate as a function of vegetation type and the soil 
moisture conditions. The only widely used process-based model which accounts for the influence 
of vegetation and soil moisture conditions on the evapotranspiration regime, is the Penman- 
Monteith formula (Monteith, 1965). The basic equation for estimating actual evapotranspiration 
(i. e. EQ or in this study, AET) in mm s'1 is as follows: 
AQn +p 
Cp (e3 - e) 






where p is density of air (kg m"3), Cp is specific heat of air at constant pressure (J kg 1° C-1), rQ is 
aerodynamic resistance to transport of water vapour from the canopy to a plane 2m above it 
(s M-1) 'and rr is canopy resistance to water transport (s m"') . 
For potential evapotranspiration Et (mm s4, ): EE=Ea with rr=0.0. 
In the case of rr=0.0, the second term of the numerator of this equation is equivalent to the mass- 
transfer term of the Penman equation. Therefore, this equation is a modified version of the 
original Penman equation which accounts explicitly for evapotranspiration from a dry cropped 
surface. The role of rr in the above equation is to deal explicitly with the physiological resistance 
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that crops impose on the transfer of water from within their internal organs to their outer surface. 
The assumptions involved in the derivation and application of the equation, particularly with 
regard to the one-dimensional simplification, sometimes described as the Big Leaf 
approximation, have been extensively discussed by Thom (1972), Monteith (1981), and Stewart 
(1983). 
2.3.5.3 Interception Loss 
The interception loss process, particularly in forests, is an important part of the overall 
evapotranspiration process where it can account for an annual loss of up to about 50% of the 
incoming precipitation as shown by Calder & Newson (1979) for the British forests of Thetford 
and Bagley, respectively. They derived a relationship between measured interception losses, 
expressed as a fraction of the annual precipitation (also called interception fraction), and annual 
precipitation for British forests and demonstrated that this interception fraction decreased with 
increasing rainfall. 
Interception is usually measured as the difference in rainfall recorded above and beneath the 
forest canopy (Calder & Rosier, 1976). However, it has been frequently overestimated because of 
inadequate sampling design for measuring net rainfall (i. e. throughfall and stemflow) 
(Bruijnzeel, 1990). Experimental studies have shown that, under wet conditions, interception 
losses are higher from forests than shorter crops. The reason has been identified as the increased 
atmospheric transport of water vapour from their aerodynamically rough surfaces. However, in 
dry condition (droughts), no account is taken of interception losses. Calder & Newson (1979) 
also reported that, when dealing with vegetated catchments in humid regions, the principal cause 
for the reduction of water yields from catchments is the increased evapotranspiration rates 
particularly from wetted forest canopies during and following precipitation. 
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Among the interception models are Calder model (for daily time-interval) and Rutter model (for 
hourly time-interval). The explanation for the former is as follows: 
The Calder interception loss, I, is calculated from rainfall, R, using the following exponential 
expression: 
I=7 [1- exp(-SR)] Equation 2.3 
where y and 8 are the experimental constants which vary according to the type of vegetation. 
The values of these experimental constants have been fitted to the results of interception 
experiments by Calder (1990). 
The most successful model of forest interception is the Rutter model (see Rutter et al. (1975) for 
a detailed explanation). The model calculates a running water balance for the canopy and trunks 
of the forest stand using inputs of hourly rainfall and the meteorological parameters necessary to 
estimate evaporation. It computes the interception loss, the amount of water reaching the ground 
in the form of drips from the canopy (throughfall), and down the trunks of the trees (stemflow). 
A combination model of Rutter interception with Penman-Monteith has been shown to give the 
most satisfactory description of the processes involved in evapotranspiration and, therefore, the 
most promising for explaining the evapotranspiration regime particularly due to climate and 
land-use changes. 
2.3.5.4 Transpiration 
Transpiration (Tr) is often known indirectly as the difference between evapotranspiration (ET) 
and interception (1), that is (ET-I). Transpiration can be measured, among other variables, based 
on the changes in soil moisture over a period of time (Bell, 1976). In droughts (dry conditions) 
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the studies show that transpiration is likely to be greater in forests than in shorter crops because 
of the generally increased rooting depth of trees and their consequent greater access to soil water. 
The Penman Et estimate (Penman, 1948) is generally accepted as a reliable method for estimating 
potential transpiration losses from grass and other short crops. Calder & Newson (1979) reported 
that results obtained from a lysimeter in the Plynlimon forest in Wales indicated the acceptable 
use of Penman's E1 as an approximate estimate of transpiration from spruce forest during periods 
when the forest canopy is dry, and the soil is not saturated. 
To conclude this section: since land-use change invariably alters the evapotranspiration process 
in a catchment and has a direct effect on hydrology through its link with the evapotranspiration 
regime, a key issue for a study of this kind is the choice of a proper evapotranspiration estimation 
procedure for incorporation in a rainfall-runoff model. As an example, the study of Dunn & 
Mackay (1995) is worth mentioning. They employed and used an evapotranspiration model, the 
Penman-Monteith model, to study the influence of vegetation on the evapotranspiration regime. 
In the Penman-Monteith model, the conversion of the potential rate of evapotranspiration to the 
actual rate as a function of vegetation type and soil moisture conditions is well described and 
linked in this model. The model has been used frequently in combination with the Rutter 
interception model (Rutter et al., 1975) to provide a complete model of the interception, drainage 
and evapotranspiration processes. 
2.3.6 Impacts of Land-use Change on the Streamflow Regime 
2.3.6.1 Introduction 
Efforts have been made to assess the relative temporal and spatial effects of land-use change on 
catchment low flows and high flows. Burch et al. (1987) studied two geologically similar small 
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experimental catchments (5.0 & 7.8 ha) in south-eastern Australia, one vegetated by natural 
remnant eucalyptus forest and the other completely cleared of forest and maintained as grassland 
for over 80 years, to study the hydrological behaviour of clearing effects. The grassland 
catchment generated high-peak stormflows and large discharge volumes irrespective of 
antecedent soil moisture, whereas the forested catchment gave little runoff, provided the 
antecedent soil moisture was below 60% of the available storage capacity. In this respect, 
differences in hydraulic conductivities of the subsurface soil (for depths of 0.1- 0.4 metres) in 
both the grassland and the undisturbed forest were reported to be responsible for the differences 
in runoff behaviour of the two catchments; those of grassland soil were at most about half those 
of the undisturbed forest. They further employed a third, relatively larger catchment (227 Km2), 
containing equal proportions of forest and grassland and with comparable topography to those 
two catchments, to demonstrate that the findings from the earlier two small catchments could be 
used to interpret the hydrological behaviour of the large catchment. 
Bultot et al. (1990) used a conceptual model to carry out a sensitivity analysis for a catchment in 
Belgium. They used the ratios of basin area covered by various vegetation types as parameters. 
In this respect, two types of future scenarios were defined, (1) changing the present vegetation 
covers to only one type of vegetation on the unbuilt areas of the basin, and (2) an enlargement of 
impervious areas due to human settlements. The simulated results showed that the mean annual 
effective evapotranspiration was maximum for catchments with coniferous trees and minimum 
for pastures. The mean annual streamflow was, however, minimum for coniferous trees and 
maximum for pasture. Moreover, decreased low flows and flood flows were reported for 
coniferous tree catchments when compared with pastured catchments. 
Eeles & Blackie (1993) employed the Institute of Hydrology lumped catchment land-use model 
to simulate runoff, water use and soil moisture patterns for two experimental catchments, namely 
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Monachyle and Kirkton, in the UK. Daily synthetic flow series were generated for varying levels 
of afforestation, corresponding to different relative proportions of forest and heather/pasture, for 
each catchment. In this respect, the ratio of heather to pasture was held constant. The results were 
analysed for engineering design purposes by Gustard & Wesselink (1993) in terms of low flow 
analysis. The influence of land-use change on each catchment was modelled and then the low 
flow statistics were derived to determine the sensitivity of low flows to land-use change. This 
showed that increasing afforestation reduces the discharge for a given frequency of occurrence 
and increases the reservoir storage required to maintain a given yield. 
Dunn & Mackay (1995) used a physically based model and various land-use scenarios to study 
land-use change effects on two sub-catchments of the Tyne basin in the UK, one upland and one 
lowland, by predicting the evapotranspiration regime. The results obtained highlighted the 
importance of considering the physical attributes of a region in predicting the consequences of 
land-use change. As a measure of the change in model predictions, the statistics of flow duration 
for the catchment outlet and peaks-over-threshold, among others, were extracted and studied. 
The simulation results showed that the same land-use change may have a significant effect on the 
hydrology of the lowland sub-catchment of the Derwent at Rowlands Gill, but an insignificant 
effect on the hydrology of the upland sub-catchment of the South Tyne at Alston. The reason was 
mainly attributed to the greater variation of rainfall for the former catchment. 
2.3.6.2 High Flow Studies 
Regarding floods in the humid areas, soil moisture status is an important determinant in 
catchment hydrological response; wetter conditions produce more vigorous responses and vice 
versa (Ward, 1984). For example, replacement of forest by grassland or annual cropping results 
in reduced evapotranspiration and, therefore, higher soil moisture levels. It can be seen that 
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stormflow volume and peak flow magnitude are always subject to a certain increase after 
deforestation. In this respect, the minimum increase in stormflow is reported to be about 10% for 
large events contrary to the small events which produce a relative increase of about 100% after 
clearing (see e. g. Pearce et al. (1980)). 
As far as the land-use change impacts on flood characteristics are concerned, flood peaks usually 
increase with a reduction in the time to peak following catchment urbanisation; these effects have 
been demonstrated by deterministic rainfall-runoff models (see e. g. Richter & Schultz (1987)). 
Overland & Kleeberg (1991) studied land-use change impacts on discharge during flood events 
based on a sensitivity analysis using a rainfall-runoff model and employing data from a Bolivian 
catchment. The magnitudes of changes in runoff were in good agreement with observed changes. 
Regarding the studies carried out in tropical forests (see e. g. Bruijnzeel, 1990), these have been 
found to be consistent with those reported in British forests (see e. g. Calder & Newson, 1979) in 
that mature forests tend to reduce flood peak discharges and volumes of flood runoff. 
2.3.6.3 Low Flow Studies 
The ability to sustain a minimum flow for abstraction purposes or to support other interests is 
considered to be of prime importance. Calder & Newson (1979) reported the effects of 
afforesting the pervious grass vegetation catchments in an upland area of the UK which supplies 
the major reservoirs. For the reservoirs used for domestic, agricultural or industrial purposes, or 
for feeding canals, the knowledge of seasonal differences in the pattern of evaporation and 
storage on the catchment and the storage and operating rules of the reservoir are of prime 
importance. They showed that, although geology largely determines the low flow response of 
catchments, afforestation is likely to modify this response, and for catchments which do not have 
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significant rock aquifers and rely on summer rainfall to support low flows, the adverse effects of 
forest interception losses may prove to be crucial. 
In areas experiencing a dry season in the tropics, the seasonal distribution of streamflow assumes 
greater importance than total annual water yield. Any changes to the flow regime during a dry 
season, as a result of land-use change, could have a critical impact on reservoir storage and yield. 
Reduction in low flows is reported in the literature to have been attributed to deforestation (see 
e. g. Bruijnzeel, (1990)). The increase in total water yield following removal of tall vegetation, 
moreover, doesn't necessarily mean that it would resolve the above mentioned risk. To explain 
the diminished dry season flow as a result of forest removal, Bruijnzeel (1990, page 111) reports 
the reason to be the decrease of infiltration opportunities to the extent that the increase in 
amounts of water leaving the area as stormflow exceeds the gain in baseflow associated with 
decreased evapotranspiration (ET). This reduced infiltration, mostly in the tropics, is claimed to 
be due to various reasons including the use of heavy machinery during forest harvesting, an 
increase in the area occupied by impervious surfaces such as roads and villages, and overgrazing. 
However, if surface infiltration characteristics are somehow maintained over most of the area 
(such as a proper combination of low rainfall erositivity and stable soil aggregates), then the 
effect of reduced evapotranspiration will show up as increased baseflow after clearing. Bruijnzeel 
(1990) concludes that more work is required to arrive at a firm answer to the question of whether 
reforestation of shallow degraded soils will improve dry season flows or not. 
2.3.7 Summary and Concluding Remarks 
This section reviewed some literature regarding land-use change impacts on water resources. The 
issues and conclusions considered are summarised below. 
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1- Land-use impact studies are usually performed by incorporating scenarios in catchment 
modelling systems. These scenarios are influenced by land-use policy and expected future 
alterations on the catchment. The causes of land-use change are mainly economic and social 
rather than climate change effects. 
2- Evaluation of land-use change effects uses two approaches, catchment studies and/or process 
studies. Catchment studies seek the integrated effect through the catchment water balance. The 
models used range from the very simple type of lumped conceptual models to the more complex 
type of high-resolution (spatially and temporally distributed) models. In between are 
combinations of these. 
3- The contribution of experimental catchments to catchment studies facilitated a better 
understanding of the hydrologic behaviour involved and therefore provided a context for process 
studies, which monitor what is happening in the conversion of catchment inputs to outputs, 
spatially and/or temporally, by identifying and quantifying the underlying processes. In this 
respect, process studies monitor the effects of the changes in the land characteristics (and of 
course at a small scale) that are not reflected in catchment studies (as many processes interact at 
catchment scale) and, therefore, provide a proper tool for land-use impact studies. 
4- Water yields (total streamflow) are reduced due to afforestation and therefore this creates 
more risk e. g. on hydrologic power generation. However, if the increase in infiltration capacity of 
the soil after afforestation exceeds the increase in evapotranspiration (associated with the 
replacement of shallow rooted short vegetation by a tall one), the yield increases otherwise it 
decreases. 
5- Having compared the estimates of water use (e. g. catchment evaporation), obtained from the 
more complex seasonal process models, with those obtained from the simple ones (i. e. catchment 
values of precipitation minus discharge), the differences were not significant (e. g. within 10%). 
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6- The process studies considered in this section were the evapotranspiration process (Penman 
and Penman-Monteith formulae) comprising the interception loss process (Calder model) and 
transpiration. These are integrated into catchment response models to study the impacts on the 
catchment water balance and streamflow regime. 
7- Forest catchments produce decreased low flows as well as flood flows when compared with 
e. g. pasture catchments. This is consistent with the maximum mean annual effective 
evapotranspiration which is produced for forest catchments, indicating that increasing 
afforestation not only produces less mean annual streamflow (water yield) but also reduces both 
low flows and floods. Also the reservoir storage required to maintain a given yield increases. 
8- The catchment soil moisture level in humid areas as well as tropics which has a crucial impact 
on floods (e. g. storm flow volume and peak flow magnitude) increases, as total vegetation/forest 
is replaced by e. g. grassland. 
9- In urbanisation, flood peaks increase with a reduction in the time to peak. 
10- Regarding low flow characteristics and reservoir storage and yield, the effect of afforestation 
on catchments, which rely on summer rainfall to support low flows, is crucial. This is 
particularly important in the tropics, which face dry seasons. 
2.4 Climate Change and Water Resources 
2.4.1 Introduction 
The increase in atmospheric CO2 concentration observed since the beginning of the Industrial 
Revolution has introduced a suspected corresponding change in climate. Houghton (1991) 
reports that the amount of atmospheric CO. has increased by about 12-13% from 1958 to 1988 
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and by nearly 25% since around 1850. The CO2 concentration has been increased from 270 parts 
per million by volume (ppmv) in 1860 to around 316 ppmv in 1959 and then it has reached 353 
ppmv in 1990. In this respect, the CO2 increase has been about 0.5 ppmv (mg/lit) per year 
during the industrial period. It is, moreover, predicted to rise to around 600 ppmv by the 2050s. 
The future climate is therefore believed to be linked to an increase in atmospheric CO2 and other 
greenhouse gases, which are produced as a result of human activities (emissions) such as fossil 
fuels, combustion, and deforestation (i. e. anthropogenic changes), and not from the CO2 
production which has occurred from the distant past (i. e. natural changes). In other words, the 
problem is not the CO2 increase itself, but is in separating out the anthropogenic effect. 
In assessing the influence of anthropogenic activities on climate change, a main step was the 
establishment of Intergovernmental Panel on Climate Change (IPCC) (Houghton et al., 1990). 
The aim was to assess the factors likely to affect climate change during the next century; the 
current ability to model global and regional climate change; and the past climate record and 
presently observed climate anomalies. The new IPCC (Houghton et al., 1992) was established to 
look at assumptions about future human population, gross domestic product (GDP) growth and 
agricultural and energy practices, and then to derive emission scenarios using different 
assumptions about these variables. This shift in emphasis to causal factors influencing 
greenhouse emissions produced six new IPCC emission scenarios; with no attempt to quantify 
changes in future global temperature or sea level changes. The most comprehensive assessment, 
in this respect, was the report of Houghton et al. (1996). The possible impacts of climate on 
water resources and demands, including its implications for regional uncertainties, are outlined. 
The report also confirms that CO2 remains the most important contributor to anthropogenic 
forcing of climate change and a major finding is that analysis of the observed climate data 
suggests "a discernible human influence on global climate". 
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The predicted change of climate in the future might be expected to have a significant effect on 
hydrological behaviour. The anticipated effects of a "green house" induced climate change on 
hydrologic time series has been discussed by various researches (see e. g. Gleick, 1987a). 
The impacts of climate change are converted to water resource alterations through deterministic 
catchment response models. Klemes (1985) listed the general requirements for the catchment 
response hydrologic models to be used for investigating the sensitivity of water resources to 
climate processes. They are: 
1. areal or geographical transferability, but to be validated in the real world, 
2. having a sound physical base for their structure and the possibility to validate each 
structured component, and 
3. independent accountability of evapotranspiration. 
Regarding the third requirement, both precipitation and potential evapotranspiration are usually 
the two independent input variables. 
In general, the main shortcomings of catchment models in reflecting the impacts of climate 
change, even in physically based hydrologic models, relates to the different scales of 
hydrological processes (Becker, 1987). That is because, depending on the scale of a hydrologic 
investigation, different models and modelling approaches are needed. Since most problems in 
water resources management involve having the right quantity of water with right quality in the 
right place at the right time, both spatial and temporal scales come into account and, therefore, 
the model results are inevitably different from each other as far as scales are concerned. 
However, as scales become smaller, the difficulties of modelling the relevant processes increase. 
Depending on the problem at hand, the proper time and space scales have to be chosen while 
trying to be as parsimonious as possible at the same time. 
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The implications of changes in global climate on catchments (as small scale regions), on the 
hydrological cycle, on the design of water resource systems and the management of water 
resources are increasingly being studied. In qualitative terms, climate change will be likely to 
have different degrees of effects on the water resources in different places. For example, larger 
reservoir spillways and drainage waterways will be required where runoff is expected to increase, 
and bigger water supply storage will be needed where runoff is expected to decrease. Also, 
impacts on soil moisture and evapotranspiration will have important effects on irrigation and 
agricultural crop and land management (Chiew et al., 1995). 
Askew (1987) argues that food, drink, clothing, shelter, and security against physical harm are 
the basic needs of mankind. An adequate supply of water is a major requirement for the 
provision of food and drink. Moreover, the most important impacts of climate variability and 
change on society are probably introduced through the water cycle. Askew (1987)concludes that 
hydrologists and water resource engineers have a major role to play in assessing these impacts 
and in undertaking impact studies in a co-ordinated fashion at both national and international 
levels. 
Regarding the important issue of climate change versus climate variability, the term `climate 
change' is used when there is significant long-term change in the mean of a climate variable, 
whereas, `climate variability' refers to natural variation from year to year. 
Various definitions have been given in the literature for weather, climate, climate variability and 
climate change. Among them, WMO (1985) defined these terms as: 
1. weather is associated with the complete state of the atmosphere at a particular instant in 
time and with the evolution of this state through the generation, growth, and decay of 
individual disturbances, 
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2. climate is the synthesis of weather over the whole of a period essentially long enough to 
establish its statistical ensemble properties (mean values, variance, probabilities of 
extreme events, etc. ) and is largely independent of any instantaneous state, 
3. climate variability includes the extremes and differences of monthly, seasonal, and annual 
values from the climatically expected value (temporal mean). The differences are usually 
termed anomalies, and 
4. climate change is the difference between long-term mean values of a climate parameter or 
statistics, where the mean is taken over a specified interval of time (usually a number of 
decades). 
Although the distinction between "variability" and "change" is clear in principal, it is not easy to 
apply in practice. However, any study of climate change effects needs a distinction between the 
variability and change (Askew, 1987). A detailed explanation of the distinction between climate 
change and variability is also given in UNESCO (1980). 
Water availability is usually sensitive to existing climate variability too. This sensitivity is 
highlighted even more when this climate is also subject to change. Therefore, depending on the 
specific region, climate change can affect the vulnerability of water availability in various 
aspects, which can either be mitigated or worsened (Gleick, 1987b). Regarding the regions with 
natural deficits, Gleick (1987b) argues that while climate changes might be beneficial to a 
specific aspect in the region (for example, they might cause an increase in the mean water 
availability and a decrease in its variability which is the most advantageous to an and climate in 
terms of agricultural productivity or other human uses), they can, at the same time, have dramatic 
consequences for the natural character of the existing ecosystem. 
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In this part of the literature review, climate change scenario construction using various 
techniques, and their impacts on water resources, are described in broad terms. The main climate 
variables in this regard are precipitation, evaporation from open water or bare soil and 
evapotranspiration from a vegetated area. Particular attention has been given to equilibrium and 
transient response experiments for scenario construction in addition to catchment scale impact 
studies and their linkage to the downscaling approach. The impacts of enhanced CO2 levels on 
transpiration are also explained. 
2.4.2 Climate Change Scenario for Impact Studies 
Among others, the UK National Rivers Authority (NRA) gives the following definition of a 
climate change scenario: a feasible, internally consistent, hypothetical estimate of possible future 
climatic conditions (NRA, 1995). 
Viner & Hulme (1994) state that a climate change scenario should be constructed from methods 
based upon sound scientific principles, and the scenario can then be used to give an 
understanding of the response of environmental and social systems to future climate change. 
They further point out that climate change scenarios should not be treated as forecasts or 
predictions, but only as plausible representations of future climates. Therefore, estimates of the 
implications of global warming must use scenarios of future climate change2. Impact studies to 
identify and study the possible effects of climate change use these scenarios. These studies can 
then be used in the formulation of strategies to respond to climate change. 
2 Hereafter, therefore, the term prediction associated with climate change is used in this thesis 
only to reflect the idea of a future scenario as meant here and not the concept of deterministic 
prediction normally used in hydrology. 
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In recent years, several approaches to defining climate change scenarios for impact studies have 
been developed. Some of these approaches are based on General Circulation Models (GCMs) 
(see e. g. Viner & Hulme, 1994) and others are based on other approaches. Among them, four 
methods are summarised below. A combination of these methods can also be constructed as a 
climate change scenario. Each one has its own advantages and disadvantages. Regarding these 
methods, further descriptions and discussions have been presented by Chiew et al. (1995) and 
Beersma et al. (1996). 
In deciding to apply a single method or a combination of methods, the needs of a particular 
impact study must be accommodated. Beersma & et al. (1996) stated that such accommodation 
depends on the consideration of the temporal scale (daily, monthly, annually), the spatial scale of 
the area of interest, the type of climatic information (single descriptive statistics, magnitude and 
frequency of anomalies, or time series of climate variables), and the type of analysis (broad 
sensitivity or more focused analysis). However, most methods consider precipitation and 
temperature rather than other variables. 
1- Using the Past Records as Recent Climate Changes- This approach uses data from 
instrumental or historical records from previous warm periods in the past to construct a climate 
change scenario. A detailed explanation as well as one application of this method has been 
reported by Palutikof (1987). 
2- Arbitrary Changes to Climate Variables- This method looks at the sensitivity of a system to 
the CO2 -induced climate change by making arbitrary/hypothetical changes to the input climate 
variables, e. g. changes of, for example, plus or minus 20 per cent in rainfall or plus 2°C and 
4° C in temperature (Nemec & Schaake, 1982). Other related works are those of Revelle & 
Waggoner (1983), and Panagoulia (1991). For example, Panagoulia (1991) applied an assumed 
percentage change uniformly to all daily historic rainfall values. Other examples of using this 
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method are works of Beran & Amell (1989) and Chiew et al. (1995). In these studies, a range of 
arbitrary changes in temperature and precipitation were applied to a calibrated rainfall runoff 
model to study the sensitivity of runoff and soil moisture to potential changes in the climate (e. g., 
±2°C and ±4°C temperature, ±10% or ±20% precipitation or evapotranspiration). 
Although this method of scenario construction have been widely used due to its straightforward 
definition, some particular combinations of arbitrary changes in precipitation and temperature 
have been regarded as unlikely (Arnell et al., 1990). Therefore, this method suffers from the lack 
of reality of the scenarios in representing future conditions as well as internal consistency. 
3- Historical and Spatial Analogues- This method assumes that the future climate of place X will 
be like the current climate of place Y. This assumption could be based on results from a GCM or 
from physical reasoning. This method has been frequently used to indicate the types of changes 
that may be expected in specific regions such as Britain. For example, it is claimed that the 
climate of Britain will become more 'Mediterranean' and hence similar to that of southern or 
south-western France (Arnell, et al., 1990). The analysis of recent climate changes has 
alternatively been used to develop climate and hydrology scenarios (see, e. g. Jones (1984)). 
Burlando & Rosso (1991) has also pointed to the advantage of using climate analogies based on 
human experience. However, they stated that the causes that led to the past climate (palaeo- 
analogues) variability may not be the same as the anticipated greenhouse climate change. The 
main problem with this method is that changes in the future more likely do not take the same 
form as the past, and, moreover, it can be very difficult to get information from periods 
sufficiently warmer than the present to act as an analogue for the mid-21st century. 
4- Direct and Indirect Use of General Circulation Modelst Ms). Most studies have used 
scenarios based on GCM output data, which have been used in qualitative and quantitative ways, 
or a combination of both, for assessment of possible future changes. Quantitatively, the GCM 
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outputs of climate data are used directly as inputs to an impact model. Qualitatively, a visual 
analysis of simulations is used to assess the possible changes; for instance, winters will be 
wetter. A combination of both is usually performed in order to apply quantitative changes 
derived from one or more model simulations to observed climate data (NRA, 1995). 
The main practical disadvantage of using this approach is that these models can typically 
generate data on a coarse resolution and their spatial resolutions are too low to obtain the details 
required for local-scale modelling, as explained and documented by Beersma et al. (1996). 
2.4.3 GCM Equilibrium and Transient Experiments 
GCMs are the most complex climate models for experiments concerning the effects of 
increasing concentrations of greenhouse gases. These climate models represent the physical 
processes of the oceans and atmosphere by solving a series of fundamental equations describing 
the motion of energy and moisture through the horizontal and vertical dimensions of the model at 
finite time steps (Viner & Hulme, 1994). 
Two types of experiments, called `equilibrium experiments' and `transient response experiments' 
have been carried out in recent years using various climate models and their results assessed. The 
former aims to run the climate model with a specific forcing (current or a doubling of CO. - 
concentration, for example, in the appropriate part of the model) to study the response, i. e. the 
whole climate system is assumed to have reached a steady state. In the latter case, a more 
complicated and difficult simulation is carried out by changing the forcing in the model slowly 
on the appropriate natural time-scale; these are also called time-dependent experiments. These 
experiments describe the climate system more realistically, although rather few of them have 
been run so far. 
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2.4.3.1 Equilibrium Experiments with GCMs 
Here, the aim is to estimate the equilibrium response of the climate model resulting from an 
increase (usually a doubling) in atmospheric CO2 concentration. Because of the large amount of 
computing that would be needed to take a model with a deep ocean to equilibrium, a "slab" 
ocean model consisting of a mixed layer 50m thick with no currents but sufficient thermal inertia 
is normally employed to represent the seasonal variation. The advection of heat in this slab 
model is represented by a prescribed seasonally varying "flux correction" by which energy is 
input to the ocean so as to maintain realistic temperatures and sea-ice distributions in a long-term 
climatological sense. In any perturbation experiment, for example with CO2 doubled, the same 
flux correction as calculated for the control experiment is applied. 
Most response studies have employed to date experiments of this type using climate models. The 
corresponding climate models, which are based on the relevant physical equations, have been 
normally used to predict the effects of increasing COZ and other trace gas concentrations in the 
atmosphere on climate under present/control (1xCO2) and future (2xCO2) stable climate 
conditions. Doubling of atmospheric dioxide is usually used as a reference point for assessing 
sensitivity to climate change. According to various authors in the literature, the relationship 
between the amounts of CO2 and other climate variables, for example rainfall and temperature, is 
best seen in general circulation models (GCM) models, which provide an internally consistent 
environment for all climate variables. 
The historical background, mathematical structure, and basic physics of GCMs and their pitfalls, 
and possible improvements, have been discussed in the literature (see e. g. Wetherald (1991)). 
Various GCMs have been developed for use in estimating future climate scenarios, particularly 
under 2xCO2 conditions. For example, the three-dimensional models partition the Earth's ocean 
and atmosphere system in one of two ways. (1) Gridded GCMs divide the ocean and atmosphere 
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into a number of horizontal and vertical grid boxes. The number of grid boxes depends on the 
spatial resolution of the GCM. (2) Spectral GCMs represent the horizontal and vertical 
dimensions of the ocean and atmosphere system by a number of mathematical functions. Their 
spatial resolution depends directly on the number of these functions. Moreover, their horizontal 
spatial resolutions, number of vertical atmospheric layers, and number of vertical ocean layers 
range from 2° to 10° of latitude or longitude, from 2 to 11, and from 1 to 17, respectively (Viner 
& Hulme, 1994). 
Among the leading developers of the above mentioned three-dimensional GCMs are the 
following: (1) Geophysical Fluid Dynamics Laboratory, GFDL, from NOAA, Princeton 
University, Princeton, NJ, USA (Manabe et al., 1992), (2) Goddard Space Flight Center, GISS, 
from NASA, Institute for Space Studies, New York, NY, USA (Rind, 1988), (3) National Center 
for Atmospheric Research, NCAR, from Boulder, Co, USA (Meehl et al., 1996), and (4) UK 
Meteorological Office, UKMO, from Bracknell, Berkshire, England, UK (Murphy, 1992). 
Attempts to improve the major GCM models for use in 2xCO2 experiments have resulted in 
greater sophistication in coupling the atmosphere to the ocean by including a mixed-layer ocean 
model. That is, the thermal inertia of the ocean is coupled to the GCMs. These models do not 
include oceanic circulation and therefore, they give the so-called intermediate solution to a true 
coupled atmosphere/ocean GCM (Schlesinger & Zhao, 1989). To be more precise, all these 
models are general circulation models of the atmosphere coupled to an ocean consisting of an 
upper mixed layer with the depth in each model varying between 50 and 65 metres. 
The GCMs differ in many ways. The very important differences are spatial resolution, depiction 
of ocean heat transport, and soil moisture calculations (Kellogg & Zhao, 1988). Having used 
GCMs for determining the effect of various grid sizes on both control (1xCO2) and future 
(2xCO2) conditions in a particular region, Rind (1988) found that, in the winter season, the 
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differences due to model resolution were not severe, contrary to the summer season when 
predictions were too dry in the fine resolution model and too wet in the coarse grid model. 
As an example, the structure and characteristics of the UKMO GCM used in 2xCO2 experiments 
can be summarised as follows. The atmospheric physics are computed on a grid base of 2.5° 
(latitude) by 3.75° (longitude) as the horizontal spatial resolution. In the vertical, 11 layers are 
used to represent the surface pressure, temperature, humidity, and wind components. The land 
surface is also represented by a model with the same horizontal mesh as the atmosphere. 
Fourteen surface and sub-surface characteristics are defined as a function of the soil and 
vegetation types for each grid box. The soil is further represented by 4 layers for the thermal 
processes and one layer plus a canopy water store for hydrological processes. The normal 
atmospheric CO2 concentration used for 1 xCO2 control run is 323 parts per million by volume. 
A mixed-layer ocean type model with a constant depth of 50 metres is also employed (Gates et 
al., 1990). 
Some of the simulation results obtained with GCMs are as follows: The temperature increases 
globally which suggests higher evapotranspiration rates and then, with the increase in associated 
precipitable water, an increase in global average precipitation is estimated somewhere in the 
range of 3-15% from the current level (Loaiciga et al., 1996). In this respect, the temperature 
increase due to the 2xCO2 and other greenhouse gases such as methane, nitrous oxide (NO. ), and 
several chlorofluorocarbons (CFCs) is between 1.5% and 4.5%° C, with the increase being 
greatest near the poles and smallest at the equator. However, there are doubts about the local and 
regional effects that finally affect crops and plants at the smaller scales. There would be higher 
temperature in all seasons, but greater warming in winter than in summer (the rise in temperature 
would be sharper in high latitudes (above 500) than in low latitudes). The total annual 
precipitation would be enhanced everywhere in Europe (but in the sub-tropical latitudes, minimal 
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precipitation changes would be observed). However, there are severe uncertainties as to the 
geographical and seasonal distribution of the increase in precipitation. More detailed 
explanations of the results are documented in the report of Houghton et al. (1990) 
As a major conclusion, it can be stated that certain types of impacts, such as a decrease in 
summer soil moisture and runoff and an increase in winter runoff, were robust and consistent in a 
wide range of scenarios, and therefore this consistency highlighted the hydrologic vulnerabilities 
of water resources as an issue of major concern in assessing impacts of the climate change 
(Gleick, 1987b). 
2.4.3.2 Transient Response Experiments with GCMs 
The transient modelling idea in GCM experiments first appeared in the work of the IPCC 
(Houghton, 1992) which included the results of a preliminary experiment using the Hadley 
Centre Transient model. Having tried to overcome the deficiencies observed in previous 
experiments, such as the high resolution equilibrium climate change experiment (UKHI), the 
climate change scenario constructed from the Hadley Centre High Resolution GCM Transient 
Experiment (UKTR) was made available in 1993. 
The primary characteristics of these experiments is that the surrogate CO2 concentration is 
increased gradually during the duration of the climate change experiment. In the case of UKTR 
above, this was a 1% per year for 75 years. In this respect, a climate change scenario can be 
constructed from monthly time series of data for the whole 75 years of the experiment. The 
scenario characteristics for the control experiment was a CO2 constant concentration of 323 
ppmv, and for time series/means (available in 1993 mainly for mean temperature, mean 
precipitation, and mean sea level pressure) were as follows: monthly time series (year 1-75), 
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daily time series (years 1-10 & 66-75), monthly means, and seasonal means (from a given period 
within years 1-75). 
These experiments used a three-dimensional GCM of the coupled ocean-atmosphere type with 
deep ocean dynamics to predict the evolving changing response of climate, that is, to simulate 
the time-dependent response of climate to time-dependent radiative forcing. Thus, ocean currents 
are represented, including vertical motion on the grid scale and sub-grid scale to represent 
convective and diffusive mixing which disperse the effects of surface fluxes of heat, water and 
momentum throughout the ocean (see e. g. Rowntree, 1993). 
Rowntree (1993) observed that an increase of 1% per year is faster than the observed past rate of 
increase for CO2 which has risen from about 0.3% per year in the 1960s to nearly 0.5% per year 
in the 1980s; thus the accumulated increase over the 1960-90 period is equivalent to about 12 
years at 1% per year. Moreover, he mentioned that earlier increases starting from about 1750 
were slower though not negligible. 
Viner and Hulme (1994) reported that the movement of energy between the land, ocean and 
atmosphere could be better incorporated into these models. They, moreover, described two major 
limitations with these experiments: (1) they provide a climatic realisation of only one emission 
scenario or a very limited range of future radiative forcing scenarios; (2) they suffer from the so- 
called `cold start' problem; that is, part of the future transient change in the world will result 
from past greenhouse gas emissions whereas transient experiments falsely assume the climate is 
in equilibrium in a base year (often taken as 1985). In this respect, the first decade or two of a 
transient experiment shows unrealistically little climate change because of this `cold start'. This 
limitation is overcome by initially forcing the model with the radiative forcing due to observed 
increases in greenhouse gases during the past few decades. 
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Among the climate models used for recent transient experiments, the Hadley Centre Coupled 
Model 2 (HADCM2) (Mitchell et al., 1995) is worthy of mention. This model has the same 
horizontal and vertical resolution in the atmosphere as that used for the equilibrium experiments 
(2.5° by 3.75°), together with an unequally spaced 17-layer ocean model incorporating a 
thermodynamic sea-ice model. Control (CO2 concentration kept constant at 323 ppmv) and 
anomaly (climate change) integrations were performed over a simulated 75-year period. The 
anomaly integration assumed an increase in CO2 equivalent concentration of 1% compound per 
year, resulting in an effective CO2 doubling after 73 years (Viner and Hulme, 1994). 
The results of the HADCM2 scenarios are from three climate change experiments (integrations) 
and for the simulated years of 1860-2100. These are: (1) HADCM2CON, the control integration 
in which the forcing is kept constant, (2) HADCM2GHG, the greenhouse only integration in 
which the CO. concentration is increased gradually to represent the observed change in 
(radiative) forcing as a result of all the greenhouse gases from 1861 to 1990 and then to 2100 
under a 1% per year compound increase, and (3) HADCM2SUL, the greenhouse and aerosol 
integration in which the forcing represents the combined effects of increasing greenhouse gas 
concentrations and the direct effects of sulphate aerosols (see also Section 2.4.4). The simulated 
time period of these integrations is 240 years (compared with 75 years for UKTR and 10 years of 
UKHI) daily time series for the very important climate variables including total precipitation, 
mean temperature, and mean sea level pressure, MSLP (this is in addition to monthly time series 
with even for more variables). Details of three further integrations that have been forced in the 
same way as HADCM2SUL but with different initial starting points can be found in Mitchell et 
al. (1997). 
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2.4.3.3 Baseline Climatology 
The provision of a standard high quality, high resolution climate baseline, with which the climate 
change scenarios can be compared, is considered to be of significant importance as well as 
fundamental to the construction and application of future scenarios of climate change. However, 
the spatial resolution relevant to the impact assessment applications must be considered in 
constructing baseline climatology. Previous attempts to construct gridded climate data from 
scattered station observations have been confined to a course resolution as well as shortage of 
climate variables in terms of either number or short record. For example, Thompson et al. (1981) 
designed a system (MORECS) for estimation of daily, weekly, and monthly variables in the form 
of 40x40 km grid-cell average for the UK using a method of interpolating scattered point data. 
Later gridded data sets for the UK at a number of spatial resolutions (for 10x10 km or 0.1°x0.1° 
see Barrow et al. (1993)) were constructed as the highest quality data sets available for climate 
change applications. In this respect, Barrow et al. (1993) used the 1961-90 monthly climate 
normals, supplied by the UK Met Office, for a suite of nine climate variables such as 
temperature, surface pressure, rain days and daily rainfall amount for all stations in the British 
Isles. The number of stations over the UK (station densities) used range from 80 (wind speed) to 
7201 (precipitation) (for more detailed information see e. g. Hulme, 1995). This new climatology 
is derived from the largest possible set of station normals, constrained to the period of 1961-90, 
and constructed using a consistent interpolation methodology that includes specific treatment of 
elevation as a predictor variable. 
2.4.4 Modifications to GCMs and Improvements in their Experiments 
The contributions of increased sulphate aerosols in climate models have been discussed and their 
inclusion suggested by Isaksen et al. (1992). It is believed now that this inclusion will improve 
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the output data for a better fitness to the observed record. Rowntree (1993) reports that, globally, 
the effect of a sulphate aerosols increase, for a best estimate of radiative forcing (expressed as a 
change in flux of energy) of about 0.5 [wm 2], may compensate for an increased contribution of 
the same amount associated with other trace gases such as methane and nitrous oxide. However, 
this is an indication of the rough balance between them globally; due to the uneven emissions of 
sulphate aerosol across the globe, the effects would probably not be the same in different 
locations. 
As far as radiative forcing, including the effects of sulphate aerosols, are concerned, more 
uncertainties appear in model estimation results for future changes if these effects are not 
included in climate models. Rowntree (1993) refers to evidence which indicates that the 
predictions of warming which omit aerosol effects may be too large, particularly in the regions of 
large emissions. Interestingly, he further adds that these effects are decreasing in two of the most 
important areas, Europe and North America, as fuel use turns increasingly to less sulphurous 
forms. If such a decrease were to occur on a global scale, an acceleration of warming in the 
immediate future might be expected as the braking effect of aerosols is reduced. 
Rowntree concludes that there are important uncertainties associated with the radiative forcing 
including the effects of sulphate aerosols, and, moreover, with ocean simulation, cloud 
representations, and land surface hydrology. At least on the larger scales, however, evidence 
from observations encourages some credence in the predictions from GCMs. 
As an example of recent improvements made in GCMs, the Hadley Centre climate model has 
been developed to include modified formulations of the atmospheric dynamics, convection, land 
surface, boundary layer, and cloud schemes. It has the capability to perform various experiments 
including equilibrium, transient, and particularly the sulphate aerosol experiment 
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(HADCM2SUL) in which both greenhouse gases and the direct radiative effect of sulphate 
aerosols are represented (Mitchell, et al., 1995). 
2.4.5 Impact Assessments of Climate Change on Streamflow/Water 
Resources 
As previously stated, the measured increase in CO2 may be an indication of climate change. The 
hydrologic variables which are affected by the greenhouse effect are numerous and include both 
surface water and groundwater variables. In relation to surface water, examples of key issues are 
flooding, drought, reservoir sedimentation, vegetation management, water loss from storage 
systems, and the effect of land-use change on basin hydrology (Callaway & Currie, 1985). 
However, it is not known what form of relationship the supposed climate change may have with 
changes in temperature, precipitation, or streamflow. 
Various attempts have been made to apply GCM future climate results in water resource impacts 
studies. Under any type of scenario construction, however, the assessment of the impacts of 
climate change on hydrological systems requires not only the provision of a climate scenario, but 
also a modelling system capable of correctly simulating the hydrological processes under this 
altered regime. The review here is confined to climate change and its impacts on the water 
resources rather than on catchment modelling approaches. 
In this section, the impact studies are presented for hydrologic spatial scales which are both 
regional (104-106 km2) and local/catchment (<104 km2), rather than for global or continental 
scales. 
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2.4.5.1 Regional Impacts Studies 
The use of regional hydrologic models combined with climate scenarios has been frequently 
reported in literature. Once scenarios of climate change are developed, hydrologic models are 
normally used to estimate the related impacts on water resources. The hydrologic modelling 
approaches are usually chosen according to the characteristics of the region, data availability, and 
computer resources. 
Gleick (1986) reviewed the methods for studying regional hydrologic impacts and proposed the 
use of modified water balance models. Nevertheless, Gleick (1987b) stated that the hydrologic 
impacts of future climate conditions cannot yet be assessed with confidence due to the 
complexities which exist in the ocean-atmosphere-land interactions, the inability of the 
computational model to reproduce these interactions, and unknown future actions that affect 
climate conditions. These uncertainties still exist for the present generation of models (see e. g. 
Houghton et al. (1996)). 
By referring to the performance evaluation of regional hydrology predictions of climate change 
which have given some insight into specific hydrologic vulnerabilities, Gleick (1987b) adds that 
these provided information regarding marked changes in regional water yield mainly as a 
function of small changes in precipitation and evapotranspiration. Among the methods that are 
used for this purpose he lists the following: 
1. runoff and soil moisture evaluation approaches which use precipitation and temperature, 
2. runoff and soil moisture sensitivity studies resulting from hypothetical changes in the 
magnitude and timing of precipitation and temperature, and 
3. regional hydrological modelling procedures incorporating regional disaggregated changes 
in temperature and precipitation predicted by GCMs. 
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In another study, Houghton et al. (1992) indicate that the reasons for the low confidence in 
climate change scenarios on the regional scale produced by GCMs, is mainly due to the 
insufficient number of studies that have yet been completed which give an improved global 
picture of regional climate change. Interpolation methods such as statistical downscaling 
(correlating regional climate with the large-scale atmospheric flow) or a nested approach (high- 
resolution, regional climate models driven by large-scale GCM results) provide better estimates 
when dealing with regional scale hydrological modelling. However, they rely critically on the 
GCM performance in simulating large-scale circulation patterns as these are a primary input to 
both empirical and physically-based regional hydrologic models. 
In the last few years, regional modelling techniques and statistical downscaling have been 
developed in order to produce high resolution data from GCM simulations (Houghton et al., 
1996). Moreover, these simulations with improved coupled atmosphere-ocean models, which 
give more reliable information on a regional scale, have incorporated radiative forcing scenarios 
that include sulphate aerosols. However, uncertainties still exist in making projections at the 
regional scale as reported by Houghton et al. (1996) such as: (1) a wide spread between model 
projections even for the same input of future radiation forcing; (2) the uneven spatial distribution 
of aerosol effects. Due to the existence of little agreement among GCMs about regional-scale 
precipitation changes (Loaiciga, et al., 1996) and consequently about runoff changes, reliable 
prediction of regional hydrologic changes directly from GCMs is not possible. In this respect, the 
sensitivity of water resources to climate change is largely estimated through using hydro- 
climatological models, that is to study the basin-scale processes by nesting hydrologic models 
into GCM grids. 
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2.4.5.2 Catchment Scale Impact Studies 
Very few investigations of climate change impacts at the catchment scale and on a daily time 
scale have been reported in the literature. Various approaches have been developed to study the 
response of catchments to different types of weather perturbations in order to extract hydrologic 
information at this scale. These are, among others: 
1. employing empirical or statistical techniques for evaluating the hydrologic characteristics 
of a region or for extending the existing hydrologic record (Revelle & Waggoner, 1983), 
2. using the so-called deterministic or conceptual models (Gleick, 1987a), and 
3. devising a variety of nesting schemes from GCM results such as Limited Area 
Meteorological (LAM) models, Macroscale Hydrologic Models (MHM), or sub-grid 
parametrizations (Loaiciga, et al., 1996). 
One of the important devices used to analyse water resources projects, such as reservoir design 
and operation, was introduced by employing stochastic hydrologic models using historic 
hydrologic and climatic data. This approach, although easier than using deterministic models, is 
nevertheless, by assuming that future hydrologic behaviour will be statistically the same as the 
past, of limited use in climate change assessment studies. The reason might be that they neither 
preserve the underlying characteristics and physical relationship among the hydrologic variables, 
nor allow the climatic conditions to be incorporated. In this respect, various model types from a 
range of deterministic and physically based hydrologic models were developed and chosen for 
impact assessment. Each type has its own advantages and disadvantages, depending on the data 
requirements, objectives of the study and modelling approach. The following is a summary of the 
typical works carried out regarding catchment scale impacts studies. 
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One of the earliest studies to apply arbitrary changes to climate variables was carried out by 
Nemec & Schaake (1982) in which they used the Sacramento soil moisture accounting model to 
predict changes in streamflow by changing both precipitation and evapotranspiration. The study 
was performed in a tropical basin of a lake in Africa and two other catchments in the USA- one 
humid and the other semi-arid. The basin characteristics and the seasonal distributions of 
precipitation and evapotranspiration (but not their amounts) were assumed to remain the same. 
The evapotranspiration change was based on changes in temperature. The daily values of the 
input variables were multiplied by ±10% for precipitation and ±4% and +12% for potential 
evapotranspiration. They showed that a decrease of 10% in precipitation and an increase of 1° C 
(equivalent to a 4% increase in potential evapotranspiration) caused a decrease in runoff of 50% 
in the semi-arid catchment. Moreover, an increase of 25% in precipitation and a decrease of 1°C 
in temperature, increased the runoff by up to 250%. The runoff ratio was reported to be low and 
of the order of less than 0.05. The corresponding decrease and increase in runoff for the humid 
catchment with a runoff ratio of about 30% were estimated as 25% and 70%, respectively. 
Finally, they stated that the three catchments involved were not sufficient to draw a general 
conclusion. 
The impacts of climate change on three catchments in Belgium were assessed using the 
simulations of present-day and 2xCO2 conditions over an eighty-year period (Bultot et al., 1988). 
The catchment model employed was a conceptual daily time-step model with precipitation and 
potential evapotranspiration inputs. This experimental study was performed due to the important 
need to estimate the level of change that would affect the hydrological variables of potential and 
effective evapotranspiration, soil moisture, snow accumulation, groundwater storage, flow 
components at the outlet, and of the complete water budget as a result of CO2 impact in every 
month of the year. The climate change information used in this study, represented as increased or 
CHAPTER 2 LITERATURE REVIEW 61 
decreased increments in climate variables such as air temperature, absolute humidity, net 
terrestrial and global solar radiation, and rainfall, was obtained from climatic system 
mathematical models reported by various authors. The water resource impacts were studied in 
terms of, for instance, water supply, pollution risks, agricultural yields, and hydraulic structure 
designs. Having performed a sensitivity analysis, Bultot et al. (1988) concluded that small 
climate perturbations might have extensive practical impacts. The significant common example 
results for all three catchments in Belgium are as follows. Increases of 10% and 9% were 
obtained for the annual potential evapotranspiration and actual evapotranspiration, respectively. 
The frequency of daily values of soil moisture content of the unsaturated zone below 40% of its 
saturation capacity was also found to increase. Moreover, the important features of behavioural 
differences ascribable to the particulars of the catchments were stated. Regarding the results 
obtained for daily streamflow values, an increase in flood frequency during winter and a decrease 
in streamflow (more low-flow days) during the summer was found for two predominantly 
surface water catchments (one rock-bottomed and the other with an impermeable layer near the 
surface). 
A catchment response model was used to carry out a sensitivity analysis of four medium-sized 
mountainous catchments in California (US) using GCM data under CO2 -doubling (Lettenmaier 
& Gan, 1990). This study provided common results for all catchments which are as follows: (1) a 
substantial decrease in average snow accumulation; (2) an increase in winter soil moisture 
storage, and (3) an increase in winter runoff together with a decrease in spring and summer 
runoff. Having indicated the general character of the changes as stated above, Lettenmaier & Gan 
(1990) concluded that, for any given catchment, the specific nature of the hydrologic change 
would depend on physiographic 'characteristics (mainly, the area-elevation distribution) of the 
catchment as well as the geologic and topographic features. 
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In another study, Cole et al. (1991) used the current and future (40 years ahead) predicted 
precipitation and evapotranspiration results of GCMs for nine regions in the UK to generate 
runoff sequences. The future outcomes in terms of annual runoff were estimated to be 4%-8% 
less than the current averages. They studied the climate change impacts on the yields of 
reservoirs in the UK regions using diagrams of direct supply reservoir yield versus storage 
capacity. The future outcomes in this respect represented a 4%-25% loss of yield from existing 
storage. They also concluded that climate change might require some reduction in demand, or 
alternatively some increase in storage to meet a given demand. 
A similar study to that mentioned earlier for the three catchments in Belgium (Bultot, et al., 
1988) was performed by Bultot et al. (1992) for a catchment in Switzerland. In this study, again 
the corresponding conclusions were as follows: once more, increases of 10% and 9% were 
obtained for the annual potential evapotranspiration and actual evapotranspiration, respectively. 
However, the frequency of daily values of soil moisture content of the unsaturated zone below 
60% of its saturation capacity was found to increase. Since the results obtained here were similar 
to those for one of the three catchments in Belgium, which had the same basin characteristics 
(both rock-bottomed), Bultot et al. (1992) concluded that, depending on the differing surface 
water and groundwater characteristics of the catchments such as those observed in three Belgian 
catchments (Bultot, et al., 1988), the impact of a 2xCO2 induced climate change on the 
hydrological cycle and on the water balance could be also very different from one catchment to 
another in Switzerland. 
Chiew et al. (1995) investigated the runoff changes in 28 Australian catchments as a result of the 
impacts of climate change by the years 2030 and 2070 via a daily calibrated rainfall-runoff 
model. Having employed two methods of scenario construction consisting of. (1) arbitrary 
changes in precipitation and temperature, and (2) results from five GCM equilibrium 2xCO2 
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simulations, their findings were as follows: regarding the method (1), they obtained results that 
showed that runoff is not only more sensitive to changes in rainfall than temperature, but also 
more sensitive in drier catchments. The simulations performed by the latter method showed an 
increase of up to 25% and a decrease of up to 20% in annual runoff by the year 2030 in the wet 
tropical catchments of north-east coast and of south-east coast of Australia, respectively. 
However, in catchments dominated by winter rainfall, the GCM-simulated decrease in winter 
rainfall reduced simulated runoff by up to 35%. Rainfall changes of up to ±9% on the Southwest 
coast (also a winter rainfall dominated area) changed runoff by -45% to +35%. They concluded 
that the changes in runoff simulated in many parts of Australia were significant and therefore 
needed to be accounted for in planning activities. The changes further indicated the importance 
of the hydrological impacts that might affect water supply and flood studies. 
In an investigation performed for a selection (21) of catchments in the UK, Arnell & Reynard 
(1996) employed a procedure for construction of both equilibrium and transient climate change 
scenarios with regard to a 1951-1980 baseline. They simulated possible potential changes in river 
flows and presented the results for a number of scenarios up to the year 2050. They examined the 
changes in annual and monthly runoff and low flow extremes using a conceptual daily rainfall- 
runoff model and outputs from both equilibrium (for around the year 2050) and transient 
(between 1990 and 2050) GCM experiments. The three stages employed for hydrologic impact 
assessment were: (a) defining, calibrating, and validating a hydrologic system model using 
current climate data; (b) defining climate change scenarios and hence perturbing the original 
climate data; and (c) finally running the hydrologic model under both current and future climatic 
conditions as well as comparing the results using indices of interest. Their results showed that the 
general tendency in all catchments was for an increase in the seasonality of flow. Their findings 
were as follows: (1) for all scenarios considered, there would be a greater concentration of flow 
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in winter and, in nearly all scenarios, lower flows in summer, indicating a greater range in flows 
through the year; (2) under most scenarios, firstly low flows would be considerably reduced and, 
secondly, the progressive effects of climate change on streamflow over the next few decades 
would be small compared with year-to-year variability but noticeable on a decade-to-decade 
basis. They also concluded that there were substantial uncertainties in predicting the magnitude 
of streamflow change largely due to differences between climate change scenarios. 
Due to the fact that the vegetation is subject to the long term effects of climate and soil, the 
sensitivity of the vegetation canopy to climate change has been studied through the direct effect 
of change in atmospheric carbon dioxide concentration. Various studies have shown that plant 
stomata close down partially due to the increase of CO2 , reducing evapotranspiration and then 
increasing water yield. Since runoff reduction is frequently linked to a temperature increase, 
which causes PET increase, and possibly precipitation decrease, as a result of climate change, 
this phenomenon could offset the runoff reduction particularly in catchments where the 
vegetation is dense (Wigley & Jones, 1985). In this respect, Palutikof (1987) employed an 
approach which incorporated the direct effect of CO2 -increase in transpiration in order to 
calculate the runoff ratio. She found that evapotranspiration reduced significantly using predicted 
changes in rainfall and, therefore, riverflow increased rather than decreased. She concluded that, 
in some places, like in southern England, it might not offset the precipitation reduction. Since the 
role of evapotranspiration rate in hydrograph recessions is important, it should be noted that the 
possible reduction in evapotranspiration described above can affect significantly catchment low 
flow values rather than high flow values (rising limb). 
With respect to climate change impacts on soil moisture, changes in soil moisture result from 
changes in the patterns of rainfall, evaporation, and surface runoff. Moreover, changes in 
atmospheric moisture are usually directly in proportion to atmospheric warming. Therefore, the 
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effect of warming on the rainfall pattern (particularly for mid-latitudes) have implications for the 
seasonal availability of water. In terms of soil moisture, there may be decreases in some areas 
and increases in some others (Rind, 1988). Some GCM results also suggest that soil moisture in 
mid-continental regions in mid-latitudes may decrease during the summer months, which is often 
the critical period for crop productivity (Manabe, et al., 1981). Yet, with the UKMO GCM, 
Mitchell and Warrilow (1987) found that, by altering parameters such as soil texture and 
hydraulic conductivity, the mid-continent summer drying predicted for 2xCO2 conditions might 
be reduced or even reversed. Other detailed studies have, furthermore, supported the possibility 
of decreased summer soil moisture availability in some regions (Gleick, 1987a). In another 
study, Gleick (1987b) also emphasised that, despite an increase in annual and seasonal 
precipitation, an increase in temperature can lead both directly and indirectly to a decrease in 
soil-moisture availability during the summer months. He concluded that, across the widely- 
varying scenarios used, certain types of impacts, such as a decrease in summer soil moisture and 
runoff and increases in winter runoff, are robust and consistent. 
2.4.6 Downscaling the Climate Change Scenarios 
Among the GCM estimates of future climate change is the increase in temperature and 
associated with this increase will be changes in rainfall. However, the uncertainty associated with 
estimates of future changes in rainfall is much higher than for changes in temperature. This, 
together with the fact that the impacts of future climate change on water resources depend mainly 
on rainfall make changes in rainfall regimes the main area of concern for water resources impact 
studies. In this respect, although rainfall may increase globally, not only will the increase be 
uneven but there may also be a decrease in some areas. However, for annual or seasonal averages 
over large scale geographic areas (for example, continental), previous studies show that the 
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performance of GCMs for simulating the present climate is reasonable. GCMs are less reliable 
when they deal with the smaller scale areas to be used in hydrological applications as well as 
climate impact studies. Since hydrological applications are normally studied at the catchment 
scale, the relevant scenarios should be considered both in space (for example, the order of 1Ox 10 
km) and time (for example, hourly and daily). 
Having said that the GCMs cannot offer the required spatial or temporal resolutions and, 
therefore, direct assessments of future impacts based on GCM outputs are not possible, as 
previously stated, two approaches have been proposed in the literature for small scale problems 
namely, 1) nesting and 2) downscaling. Regarding the former, the approach is to use a much 
higher resolution model nested within a GCM. For example, a small region such as Western 
Europe is selected together with running a fine model (for example, 30x30 km) such as was 
carried out by McGregor et al. (1993) in Australia. However, the fine scale models require not 
only highly detailed information regarding orography and land-use but also improved 
parametrisation of clouds and the precipitation forming processes. Moreover, simulations cannot 
be performed over long periods. 
The downscaling approach is based on statistical linkages between the local and large scale 
climate (von Storch, et al., 1993). This is the same approach as sub-grid scale method used by 
Wigley et al. (1990). The main assumption is the responsibility of orographic and geographic 
(land/sea contrast) factors for local scale variations. The effect of these factors can then be 
estimated by regression relationships between local and large scale climate parameters. 
Moreover, the statistical linkages are assumed to remain valid as far as future climate is 
concerned. In this respect, future hydrological scenarios for any spatial scale can be predicted by 
using large-scale GCM scenarios and the regression relationships obtained from observational 
data. 
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It should be noted that the large scale GCM outputs are assumed to be accurate in both of above 
mentioned approaches and, therefore, it is necessary to validate the GCM control runs such as 
rainfall control scenarios. The downscaling procedure has an advantage over the nested 
modelling approach due to the ease with which various methods can be tested. Moreover, long- 
term simulations are computationally feasible. 
In the case of rainfall values at the daily temporal scale, GCMs have also produced poor results 
when compared with observations for regions of the order of 300x300 km size (Reed, 1986). 
This became evident from previous studies which produced contradictory results. For example, 
studies using detailed temperature and precipitation databases on a daily time-scale from the 
United States, Australia, Canada, and China have indicated increases in some regions in one day 
precipitation totals and related decreases in day-to-day temperature variability (Karl et al., 
1995). 
In another attempt to assess the climate change impacts on rainfall droughts, which are 
particularly used for water resource system studies, Wardlaw et al. (1996) adopted an approach 
to downscaling GCM rainfall results to smaller spatial resolution by establishing stochastic 
model between daily rainfall and atmospheric circulation pattern types as classified by Lamb for 
UK (for definition of Lamb weather types and its comparison with other approaches see Jones et 
al. (1993)) and further applied it to Anglian Region, UK. In this study, the high potential of this 
approach to construct rainfall scenarios was highlighted through the assessment of generated 
rainfall data using GCM experiments for two types of climate; one representing a 1980s type 
and the other representing a 2050s type. 
All of the above confirms that there is still the need for techniques to be developed for scenario 
construction at the daily time-scale and catchment space-scale using GCM output such as 
circulation patterns and temperature. Therefore, a statistical downscaling approach constitutes the 
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main element of the scenario construction methodology used for impact assessment in Chapter 9 
of this thesis. With this approach, time series of sufficient duration to represent long-term 
variability, including extreme events and droughts, can be generated, while the more reliable 
output from GCM experiments with aerosol forcing incorporated is also used. 
2.4.7 Impacts of Enhanced CO,, Levels on Transpiration 
As indicated earlier, increasing concentrations of greenhouse gases (mainly CO2) may enhance 
the greenhouse effect and cause global warming. The corresponding increasing temperature 
means an increase in potential evapotranspiration, and possibly an increase in actual 
evapotranspiration. But the impact of CO2 -increase may have another implications, which is the 
direct effect on plant transpiration. However, the plants may adapt or become more efficient in 
water use as explained below. 
Increasing CO2 concentration cause the stomatal pores in plant leaves to progressively close, so 
that the resistance to water loss is increased and less water is lost per unit of carbon gained. 
Therefore, the transpiration may be significantly less in an elevated CO2 climate (e. g. up to 25% 
in the condition of 2xCO2) if total leaf areas remained the same (see e. g. Friend & Cox (1995)). 
However, in nutrient rich or managed stands, total leaf areas may increase in response to elevated 
CO2 so that total water loss may increase. Also, the direct effect of CO2 increase may be small 
relative to the effects of changes in temperature and rainfall in future years (CCIRG, 1996). 
Regarding the hydrological impacts of increased CO2 , Idso & Brazel (1984) accounted for 
enhanced CO2 in their study of five basins in USA. The obtained results demonstrated an 
increase in annual runoff due to a doubling of CO2 concentration of 40-60%. However, it is 
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argued in the literature that its impacts would hardly be so great as this, since evapotranspiration 
from land is mainly determined by energy factors (Shiklomanov, 1989). 
CCIRG (1996) concludes, however, that there is at present no consensus on the magnitude of 
CO2 effects on plant growth and hence on water relations in field conditions. As indicated 
above, there may be some belief that plants may possibly adapt to CO2 change, particularly in 
the long term. However, there has been no conclusive evidence reported in the literature to 
support this view and, therefore, uncertainties still remain. 
2.4.8 Summary and Concluding Remarks 
The earth's climate is undoubtedly being perturbed through global warming, although there is 
uncertainty in terms of rates. This is confirmed by the past records explaining the close 
correlation between the temperature changes (globally, an increase of 0.5 °C over the last 
century) and altering CO2 concentration. To be more specific, ultimate temperature increases on 
land seem likely to be within the range of 3-6 °C in winter and 2-4' C in summer (Rowntree, 
1993). The main cause of climate change is in the production of greenhouse gases (injected into 
the atmosphere through the use of fossil fuels), of which the carbon-dioxide constitutes at least 
half. This phenomenon has been accelerated partly by deforestation (particularly tropical) and 
grass removal (mainly temperate), although these effects are not comparable with the increase 
due to fossil fuels in this century. 
Future climate prediction is subject to many uncertainties as far as policy response in controlling 
the emission of CO2 in all parts of the world are concerned. Numerous scenarios have been 
developed based on various annual rates of CO2 increase up to the year 2100 (Houghton, et al., 
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1992). Also, various future climate scenarios have been produced based on coupled ocean- 
atmosphere GCMs (for the UK, see Viner & Hulme (1994)). 
Temperature and precipitation are the two main variables which are usually selected in climate 
change studies. In the case of the former, its increase due to the CO2 increase is greatest near the 
poles and smallest at the equator. Regarding the latter, previous studies have shown that, in high 
latitudes, precipitation increases generally throughout the year. North of 45°N, there is expected 
to be an increase in winter. However, in middle latitudes, many areas are faced with a decrease, 
particularly in summer periods. Moreover, an increase in rainfall intensity and a decrease in the 
frequencies of rainfall storm is indicated in summer times. However, in comparison to 
temperature, future predictions of precipitation are subject to more severe uncertainties 
(particularly in terms of intensity and distribution) and so are predictions of impacts. The major 
role of precipitation change, when compared to other climate variables such as temperature, in 
catchment response studies, underlines the importance of reliable precipitation predictions. 
In a warmer climate globally, due to the increase in evaporation and the increase in atmospheric 
moisture, somewhat more rainfall is expected, although some areas will have less rain. 
The important effects of increasing CO2 over vegetation are: (1) the possible faster growing rate 
of vegetation due to photosynthesis, and (2) the possible decrease of water consumption of 
plants. Although research is continuing on this aspects, the relevant impacts are considered to be 
very significant as far as agriculture, forest, and generally, plant growth are concerned. 
Therefore, the evaporation increase caused by climate warming is likely to be compensated for 
by incorporating the effect of increased CO. on plant stomata. However, the effect of CO2 
enrichment on transpiration is not yet precisely known and therefore the impact assessment of 
CHAPTER 2 LITERATURE REVIEW 71 
climate change on water resources, as far as the study of evapotranspiration is concerned, is 
subject to uncertainty. 
The GCMs are in principle the most appropriate tools for predicting climate change. They 
provide estimates of the hydro-climatological balance integrated over a very coarse spatial grid. 
However, on a smaller scale, there are significant errors in all models. Their results can only 
provide general tendencies at most. Therefore, the usefulness of such estimates is limited when 
compared to the needs of water resources analyses at the basin scale. In this respect, the impact 
of climate change on variables such as temperature and precipitation as well as on the water 
balance of a catchment cannot be assessed directly by GCM results. It can be assessed, however, 
by means of hydrologic models through the disaggregation of GCM outputs. In recent years, 
efforts have been made particularly to employ other climate variables such as weather circulation 
indices as well as a downscaling approach for estimation of rainfall characteristics rather than 
using rainfall directly from GCM outputs (Kilsby et al., 1998). 
Care has, moreover, been taken to estimate climate variables by GCMs using an evolving process 
of CO2 increase through transient response experiments rather than the equilibrium ones. The 
very recent incorporation of sulphate aerosols in climate models in climate impact studies and 
subsequently in water resources impact studies is also a notable development. 
Although various studies have been performed on a wide range of catchments over the world and 
varying results obtained, it is not possible to draw common conclusions from these studies, and 
therefore, unique conclusions are still expected for each particular catchment. 
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2.5 A Summary of the Proposed Approach 
To study water resources impacts of land-use change on a catchment using a daily rainfall-runoff 
model, there is a need for a catchment model which can accommodate various land cover 
characteristics and separate estimates of potential and actual evapotranspiration in its 
evapotranspiration component for each land cover type. Given a model with this capability, the 
impacts of various land-use scenarios on daily streamflow could be investigated. 
As already noted, since GCMs do not provide useable results on a short time scale such as a day 
and on a spatial scale as small as a catchment of about 1000 km2, a methodology is also required 
to predict the changes which may occur in the climate inputs of a catchment, and the resulting 
impacts on water resources. 
The methodologies of the above approaches will be explained in more detail in the next chapter. 
Here, the two approaches proposed for water resources impact studies of (1) land-use change and 
(2) climate change, are summarised briefly. 
2.5.1 Land-use Change Study 
Changes to land-use inevitably lead to the alteration of hydrological responses at the catchment 
outlet. In the context of water resources, the most important changes occur in the 
evapotranspiration regime. This is investigated here by extending a rainfall-runoff model called 
ARNO to include a revised evapotranspiration component, particularly by the explicit calculation 
of interception. The predictions in evapotranspiration are made for two scenarios of future land- 
use in the study catchment, taking into account existing conditions. 
Regarding the catchment model structure, firstly, the ARNO catchment model is extended to 
include a vegetation canopy model to model the process associated with the interception of 
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rainfall as well as a spatial resolution of the description of the land cover characteristics of 
different types. The runoff from these areas is then routed to the catchment outlet. Also, various 
formulae have been used to estimate PET (for each type of land cover), as the key variable for 
calculating the actual evapotranspiration (AET) of a land cover. The appropriate conditions for 
their use are investigated. 
In this study, it is assumed that climate variables such as rainfall and potential evapotranspiration 
remain unchanged. Stochastic models are used to generate synthetic input time series to the 
ARNO model. In the application procedure, the constructed "control" model relating to present 
catchment land-use conditions is used for the generation of daily streamflow data. After its 
validation, it is used to investigate the land-use change impacts, for two different scenarios, on 
water resources in the study catchment of the upper Thames. Finally, the generated data are 
compared with the generated "control" values to assess the catchment water resources impacts. 
2.5.2 Climate Change Study 
As explained, adopting the GCM output of rainfall may be justified regarding the study 
purposes that are concentrated on annual or monthly scales and, therefore it is doubtful whether 
the GCM results are able to reflect properly the short-term (e. g. daily) dynamics of the 
atmospheric process. A new downscaling methodology was then employed which has already 
been developed and used by Kilsby et al., 1998). 
To explain the approach to climate change study briefly, the GCM scenarios are downscaled to a 
resolution sufficient to represent daily rainfall at the scale of catchment hydrological process. 
They must also be of sufficient duration to represent long-term variability including droughts and 
extreme events which control the reliability of water resource systems. The GCM outputs of 
atmospheric circulation variables are used together with a regression technique for estimating 
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mean daily rainfall and proportion of dry days. A stochastic rainfall model will then be used for 
the task of long-term predictions of rainfall time series. Regarding the generation of potential 
evapotranspiration (PET) scenario, as a function of GCM temperature predictions, an empirical 
equation to estimate daily PET values will be fitted and used. 
Generated PET and rainfall scenarios obtained will be used as inputs to the calibrated/validated 
catchment response hydrological model to generate daily streamflow scenarios. 
2.5.3 Water Resources Impact Assessment 
The impact assessments of both land-use change and climate change scenarios will be carried out 
in the context of low flow analyses and storage-yield relationships using generated daily 
streamflow values. In this respect, the results obtained for future scenarios will be compared with 
corresponding values of original (control) scenarios. The approach to generating original/control 
streamflow scenarios should have already been validated using historic streamflow record. 
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CHAPTER 3 
&METHODOLOGY AND DATA SETS 
3.1 Introduction 
Prior to any study concerned with managing the available water resources, it is necessary to 
recognise the related processes and to try to model them as simply and as accurately as possible. 
Synthetic streamflow data can be generated in two ways: (1) by routing the synthetically 
generated inputs like precipitation and other climatic variables, through a rainfall-runoff model. 
This is particularly important when the need for short time interval data and/or the issue of 
climate change is to be considered. (2) by synthetic generation of the historic stream flow. In 
stochastic modelling, the stochastic properties of historic time series have traditionally been used 
to generate synthetic time series. These properties are assumed to represent the population 
properties. Also the synthetic series are assumed to come from the same population. 
Since the aim of this study is to be able to generate synthetic daily flows reflecting climate and 
land-use changes, the adopted approach should have the capability to accommodate projected 
changes in both climate and catchment. Previous methods of daily streamflow generation, that 
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use historic flows for estimating the parameters of a stochastic model (the second approach 
above), cannot easily reflect climate and land use changes over time. Furthermore, historic runoff 
data are often very short and insufficient to represent the full variety of events. In order for the 
sample statistics to represent the population statistics, the length of data should be long enough to 
minimise sampling effects. In this respect historic rainfall and potential evapotranspiration data 
are frequently both more reliable and longer than runoff data. Furthermore, the nature of 
stochasticity in rainfall and potential evapotranspiration data allow us to generate discrete series 
of runoff stochastically. It can also be stated that due to the better quality of climate (e. g. rainfall) 
data one may choose to face the uncertainty in the transfer function, rather than generating new 
streamflow sequences from historic record. Regional studies may fit these conditions (Kelman, 
1977). In this respect, the former approach mentioned above (1) has been chosen to fulfil the 
requirements of this study. The rationale for the selected approach is that changes in climate 
must be incorporated into potential evapotranspiration (PET) and precipitation while changes in 
land-use must be incorporated into the rainfall-runoff model. 
When selecting a model, the purpose of data generation should carry the most weight. Salas et al. 
(1980), among others, have indicated that the selection of the modelling technique should be 
based not only on the observed characteristics of the historic data, but also upon the intended use 
of the generated data. 
Having the objectives of this study in mind, here only the models (methods) are to be 
investigated which may serve for producing (generating, simulating), long continuous series of 
streamflow at the outlets of the catchments, especially for short time steps (more specifically, a 
day). The continuous stream flow production in nature is mainly controlled by precipitation, and 
evaporation as well as the catchment in responding to both of them. Other factors are considered 
to have a relatively minor influence. Previous works have revealed that the streamflow may be 
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modelled properly by studying the aspects mentioned with a specific application in mind. The 
approach adopted here for streamflow generation is a mixture of applying stochastic models (for 
rainfall and potential evapotranspiration), and a deterministic model (for catchment response). 
Catchment responses are usually characterised by deterministic models. In this category are 
Distribution Function Models, in which spatial inputs are averaged but a (probability) 
distribution function is used to represent the variation of response(s) over the catchment. In this 
approach, a model of this type, called the ARNO model (Todini, 1996), is used. Rainfall and 
potential evapotranspiration data are generated first, as two independent input variables (Klemes, 
1985), and then the ARNO model, as a catchment response model, is employed for 
transformation of the above generated data to streamflow. 
In this chapter, an outline of the proposed methodology is presented in which two stochastic 
models, (1) a point process model (Neyman Scott Rectangular Pulses (NSRP)) to model and 
generate daily rainfall series and (2) an Auto-Regressive Moving Average (ARMA) model to 
model and generate daily potential evapotranspiration series, are employed together with (3) a 
deterministic rainfall-runoff model (ARNO) to route the above two generated climate series in 
order to obtain synthetic daily streamflow series. The methodology of this approach is 
summarised in Figure 3.1 
In this approach, since a deterministic rainfall runoff model is used to generate streamflow, it is 
assumed implicitly that the stochasticity of the streamflow process is due to rainfall, mainly, and 
potential evapotranspiration. So the rainfall and potential evapotranspiration models are 
developed separately under the assumption that they are sufficient for the simulation of stream 
flow. Having carried out the generation of synthetic sequences of statistically similar data, which 
can be further used for the evaluation of water resource systems, the sensitivity of such systems 
to possible climate change can be tested by suitable changes in the parameters of the rainfall and 
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potential evapotranspiration models. The sensitivity of the system to possible land-use change 
can also be tested by suitable changes in the rainfall-runoff model parameters. 
Stochastic Daily Rainfall II Stochastic Daily Potential 
Model II Evapotranspiration Model 
Catchment Response Model 
Stochastic Daily Streamflow Time Series 
Figure 3.1 The methodology of the approach 
3.2 The Approach to Stream flow Generation 
3.2.1 Rainfall Modelling 
In temperate regions of the world, monthly rainfall is continuous (i. e. no zero values) and can be 
modelled using a traditional (i. e. ARMA) approach. However, at a daily level, rainfall is 
discontinuous and a different approach is needed to handle the wet and dry periods, and the 
distribution of rainfall amounts within the wet periods. There is an extensive literature on daily 
and shorter period rainfall modelling (see, for example, Foufoula-Georgiou & Georgakakos 
(1991) and Foufoula-Georgiou & Krajewski (1995)). For daily rainfall, two broad categories of 
model have been employed. These are (1) discrete time series models and (2) point process 
models. The former uses a discrete time increment (e. g. a day or an hour) and follows a two stage 
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modelling approach in which a Markov chain model is usually fitted to the sequences of wet and 
dry periods and then some distribution is used to describe the amount of rain falling in the wet 
intervals. Examples from this class of models are Markov Chain models (Stem & Coe, 1984), 
Markov Renewal models (Foufoula-Georgiou & Lettenmaier, 1987), and the Markov Bernoulli 
model (Smith, 1987). 
Point process models use a continuous time model for the occurrence of rainfall events, which 
characterises indirectly the wet and dry periods, and characterise the random amounts of rainfall 
associated with the wet periods. Examples are the Poisson White Noise, the Poisson Rectangular 
Pulses, and the Neyman-Scott White Noise models (Rodriguez-Iturbe et al., 1984), the Bartlett- 
Lewis Rectangular Pulses model (Rodriguez-Iturbe et al., 1987a), and the Neyman-Scott 
Rectangular Pulses model (Rodriguez-Iturbe et al., 1987a; Cowpertwait, 1991a; Cowpertwait et 
al., 1996). 
The Neyman-Scott models (White Noise or Rectangular Pulses), with their generality, have 
shown to be as good as, if not superior to, other rainfall models in the literature. Here, the 
Neyman-Scott Rectangular Pulses (NSRP) type model has been employed (Rodriguez-Iturbe et 
al., 1987a; Cowpertwait, 1991 a; Cowpertwait et al., 1996) in this study for the following reasons: 
1. It has a realistic physical structure. This makes the interpretation of the parameters of the 
model easier. 
2. It preserves historic rainfall statistics at various levels of aggregation (hourly and above). 
3. It require only 5 parameters to be estimated. This simplifies the parameter estimation 
procedure. 
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3.2.2 Potential Evapotranspiration Modelling 
Daily time series of potential evapotranspiration are continuous and usually exhibit strong 
seasonality. The modelling approach which has been adopted here is first to remove the periodic 
component, and then to apply an ARMA modelling approach to the residuals (Salas et al., 1980). 
3.2.3 Rainfall-Runoff Modelling 
The main requirements for the rainfall-runoff model used in this study is to reproduce 
satisfactorily the catchment response to meteorological inputs of daily rainfall and potential 
evapotranspiration. Among various types of rainfall-runoff models, conceptual models with 
sound physical parameters have the potential for assessing the effects of climate and land-use 
changes (Amell, 1992). These model parameters can be calibrated using present climate and 
hydrological data and it might be assumed that they remain valid under future climate conditions. 
In assessing the impacts of climate change on runoff, the following points have been identified: 
1. runoff generally shows greater sensitivity to change in precipitation than a temperature 
change. There is an exception for basins with significant snowmelt contributions in which 
the seasonal distribution of precipitation is more sensitive to temperature perturbations, 
2. the magnitude of runoff sensitivity to an increase in precipitation depends on a basin 
runoff ratio (ratio of average annual runoff to average annual precipitation); the lower the 
runoff ratio the greater the runoff sensitivity. 
For the catchment response study of both climate and land-use change, the rainfall-runoff model 
selected is called ARNO, reflecting its first application to the Arno basin in Italy (Todini, 1996). 
The adopted ARNO rainfall-runoff model has been chosen here because it is easy to use and, 
moreover, because (1) it can model in-stream flows at a catchment scale, (2) it can accommodate 
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both climate and land-use changes through its evapotranspiration component, (3) it has a 
relatively small number of parameters (which require calibration) which can be referred to 
catchment physical characteristics, and (4) it has been well established by researchers (see e. g. 
Todini (1996)) as a catchment response model. The core of the ARNO model is a distribution 
function approach to soil moisture accounting and runoff generation, with semi-analytical 
techniques used to solve the flow routing equations. It has two distinct components: 
1. the water balance, which explains the balance between the water content of the soil, the 
input (precipitation), and the output (e. g. runoff and actual evapotranspiration), and 
2. the transfer of the runoff to the outlet of the catchment. 
The former component is considered as the key component. The main feature here is the concept 
of runoff formation, that is, runoff is not produced until the soil moisture content of the 
unsaturated zone reaches its field capacity and, after this stage, runoff is equal to rainfall excess 
without further loss. An important point in the ARNO model is that the soil moisture storage 
capacity is considered to be a spatial variable within the catchment described using a 
hypothesised probability distribution. The transfer function in the ARNO model is itself 
composed of three components: transfer of runoff 1) to the drainage network along the hill 
slopes; 2) to the closure section of the sub-catchment, and 3) to the succeeding closure sections 
of any sub-catchments located downstream from that initially considered (Franchini & Pacciani, 
1991; Todini, 1996). 
In this study, an adapted version of the ARNO model was developed and used. That is, the 
original ARNO model has been modified by employing a new evapotranspiration estimation 
procedure in soil moisture module of the model to calculate the actual evapotranspiration 
occurring in the study catchment. 
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3.2.4 Streamflow Generation 
The procedure for generating daily streamflow sequences is to route the first and the second 
above mentioned generated sequences, i. e. the daily rainfall and the daily potential 
evapotranspiration values, respectively, as two input series through the adapted ARNO 
catchment response model. 
3.3 The Approach to Land-use Change Impact Assessment 
In order to generate sequences of streamflow reflecting a future land-use change, it is necessary 
to adapt the rainfall-runoff model in such a way that land-use, in terms of various types of land 
cover, can be incorporated. In this respect, having adapted the ARNO rainfall-runoff model to 
account for different land covers, the various future configurations of land cover were then 
employed to study the catchment sensitivity. Therefore, the impact assessment of future land-use 
was carried out using generated rainfall and PET data obtained in Chapters 4 and 5, 
respectively. Here the land-use change incorporated was not as a result of climate change impact 
(secondary effects), rather as a result of impacts of economic and policy alterations. In this study, 
the effect of land-use change was considered (1) independent from climate change (climatic data 
remain unaltered) and (2) together with climate change (i. e. a combination of both); these are 
studied in Chapter 8 and Chapter 9, respectively). 
3.3.1 Adaptation of Rainfall-Runoff Model 
The modelling system, ARNO, which uses a conceptual, spatially aggregated modelling 
approach to describe the movement of water at the catchment scale, has been employed. It has 
been developed at the University of Bologna, Italy, and is an easy-to-use model and ideal for 
giving coarse-scale predictions of streamflows and soil moisture storage levels. However, it 
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contains fixed, quasi-physically based equations which require calibration against streamflow 
records. The revised ARNO (developed in Chapter 6) has been upgraded to predict the likely 
magnitude of hydrological changes resulting from proposed changes in land-use (referred to as: 
`future scenario'). Therefore, the water resources impacts are assessed by comparisons of new 
predictions with the original simulations; these results are reported in Chapter 8. 
A summary of the methodology used is as follows: the evapotranspiration estimation procedure 
of the water balance module of the adapted ARNO model is used to study the land-use change 
impacts by incorporating a rainfall interception loss mechanism. A simple vegetation canopy 
model has been implemented by dividing the catchment into hydrologically significant cover 
blocks. The runoff from these blocks are then routed individually to the outlet of the catchment. 
This allows the land-use changes, which may occur in the future as a result of economic and 
policy alterations, to be accommodated. 
3.3.2 Streamflow Generation for Land-use Change Impact Assessment 
The aim is to assess the impacts of changes in land-use, and hence in water lost by crops through 
evapotranspiration, in the study catchment which might affect water resources availability. The 
original generated rainfall and PET series have been input to the adapted ARNO model 
explained above to generate daily streamflow for 2 scenarios of future land-use change for 
assessing the impacts on the study catchment. In this respect, a two stage procedure was carried 
out for (1) current condition and (2) future condition. 
1. For the current climate, having incorporated the new interception model in the ARNO 
model and further validated it for current land-use areas, streamflow values are generated 
using the rainfall and PET generated values obtained in Chapters 4 and 5, respectively. 
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2. For the future land-use scenarios, the above procedure is repeated but with two alternative 
distributions of land cover in the catchment, called future-1 and future-2 as two possible 
scenarios. 
A range of water resources statistics and graphical representations from the generated series has 
been derived in order to assess the impacts of land-use change for the current and future 
scenarios. These include mean discharges, monthly variations in discharge, low flow and storage 
-yield statistics. 
3.4 The Approach to Climate Change Impact Assessment 
In order to generate sequences of streamflow in a future climate, it is necessary not only to 
generate future rainfall but also to generate future potential evapotranspiration (Cole et al., 1991). 
In this respect, two points should be noted. First, GCMs are the main source of climate change 
scenarios, and, second, a method must be found of altering the parameters of both the 
precipitation and potential evapotranspiration models to incorporate the GCM climate scenario 
information. 
The description of climate change and its implementation on each of the climatic time series 
data, such as precipitation and potential evapotranspiration, are explained, in summary, in the 
following sections. 
3.4.1 Rainfall Scenario Construction 
When attempting to generate GCM daily rainfall scenarios at catchment scale, it has been noted 
that there are problems involved in using GCM rainfall scenarios such as large grid averages and 
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unreliability of short term (daily) rainfall estimates. In order to deal with these problems, a 
procedure developed by Kilsby et al. (1998) has been employed which is as follows: 
1. Regression models between atmospheric variables and rainfall statistics such as monthly- 
mean daily rainfall, MDR, and proportion of dry days, PD, are established. The statistics 
for both control and perturbed scenarios, using GCM outputs of atmospheric variables, 
are then predicted. The predictor variables are elevation and Easting as well as 
atmospheric circulation indices (mean pressure, zonal and meridional flows) derived from 
observed or GCM grids of mean sea level pressure (MSLP). 
2. The obtained control (CON) and perturbed (SUL) statistics, mentioned in (1), were used 
to estimate the statistics for future (FUT) values, as representations for a future climate, 
using a standardisation scheme. Then a method of modifying the present-climate 
parameters of the NSRP rainfall model to represent future climate was developed. Having 
re-fitted the rainfall model for the basic monthly statistics (mean, PD, variance) to obtain 
new model parameters, this `re-parameterized' NSRP model was used to generate future 
time series sequences of rainfall. 
3.4.2 Potential Evapotranspiration Scenario Construction 
The problem associated with the potential evapotranspiration variable, PET, is how to define 
this as a function of the most sensitive climate variables, such as temperature, to be valid in both 
present and future climates. However, under a future GCM climate, potential evapotranspiration 
and possibly the relationship between potential and actual evapotranspiration may change. The 
well known Penman formula is a candidate to be adopted to estimate PET. Nevertheless, the 
Penman approach seems too complex because there would be a need for relative humidity (or 
wet and dry bulb temperature), wind speed, and net radiation and, therefore, series of all these 
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variables and their inter-relationships should be modelled accordingly. In this respect, a simpler 
approach, the Blaney-Criddle equation, has been adopted based on temperature to derive the 
potential evapotranspiration scenario. Previous climate change works have also introduced this 
equation as an alternative to the Penman formula. This equation was chosen because it uses only 
temperature as an input, as GCM surface temperature is considered more reliable than using a 
wider range of GCM predicted surface variables. Since temperature data were not available for 
the catchment, the Central England Temperature (CET) data were chosen and used. Having 
estimated the Blaney-Criddle values of PET, called PETBc, a further adjustment procedure was 
carried out by regressing the original (historic) PET data on the PETBc values. The new values 
obtained using this regression equation were called PETNEw. This procedure was validated 
against the available PET data (in turn, obtained from a more sophisticated technique such as 
Penman equation). The procedure for scenario construction for impact assessment is then as 
follows: 
1. For the current climate, the PET scenario was derived using both the Blaney-Criddle 
formula, with the stochastically generated CET values for present conditions, and the 
adjustment regression technique. The generation procedure for temperature data was the 
same procedure as employed in Section 3.2.2 but here fitted to the observed daily 
temperature series (CET). 
2. For the future climate scenario, it was derived using the above procedure but employing 
the perturbed daily series of CET values as predicted by the GCM. 
3.4.3 Streamflow Generation for Climate Change Impact Assessment 
The study catchment has been used for impact assessment studies. In this respect, the adapted 
version of the ARNO hydrological model (see Chapter 6) has been used to generate streamflow 
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time series from obtained rainfall scenarios and the new simulated estimates of PET values, 
explained in Sections 3.4.1 and 3.4.2, respectively. A range of water resources statistics has been 
derived in order to assess the impacts of future climate. These include mean discharges, monthly 
variations in discharge, low flow and storage -yield statistics. 
3.5 Study Catchment and Data Sets 
3.5.1 General Catchment Description 
The Upper Thames catchment in the south of England was adopted as the focus of this study. 
The study catchment has minimal human influence (no reservoirs) and good quality data. Figure 
3.2 shows a map of the catchment with the main rivers. A description summary is as follows 
(NRA, 1995): 
1. It is situated at the most western part of the Thames Basin (England) with (1) a catchment 
area of approximately 1616.2 square kilometres at Eynsham (which represent about 15% 
of the Thames catchment), (2) an average elevation of about 230 metres above m. a. s. l. 
[with the highest point in the north and at the outlet (Eynsham) of about 320 and 60 
metres above m. a. s. l. respectively], (3) a mixture of land cover comprising about 60% 
grassland, 30% arable and 10% forest. The catchment is almost entirely rural and strongly 
influenced by the chalk aquifer with a significant proportion of groundwater runoff. 
2. It has an average annual rainfall and potential evapotranspiration of around 738 and 527 
millimetres, respectively. The streamflow is gauged at the outlet of the catchment with a 
mean discharge of about 13.72 cubic metres per second (m3/s). The catchment has a 
humid temperate climate with precipitation evenly distributed through the year and with 
the average annual precipitation greater than average annual potential evaporation, except 
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in the warm and dry years, when it may be smaller. Nevertheless, in the summer, 
potential evapotranspiration exceeds rainfall. The contribution of snow to streamflow for 
the study catchment is small, even nil in some years. 
Figure 3.2 The study catchment (upper Thames) and its location in England and Wales. 
3.5.2 Data Sets 
Historic series of daily rainfall, potential evapotranspiration and streaniflow data were available 
for a period of twenty five years (1/10/1951-31/9/1976). The streamflow data provided had been 
adjusted for abstractions, etc. to give naturalised flow data. Both daily rainfall and daily Penman 
potential evapotranspiration data were available as averaged values over the catchment. The 
rainfall estimates were based on the average of 13 stations distributed over the area of the 
catchment (Blackie & Eeles, 1985). 
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Pertinent information for the upper Thames catchment is summarised in Table 3.1. The seasonal 
pattern of rainfall, runoff, and potential evapotranspiration (PET) records (25-year daily means) 
are also shown in Figure 3.3. A winter peak in both the runoff and runoff coefficient is observed 
and a late summer minimum. Seasonal pattern of potential evapotranspiration is also 
demonstrated. Rainfall during the winter and summer periods is at a similar level which points 
the dominance of evapotranspiration in determining the seasonal variation. 
Table 3.1 The 25-years data summaryfor the upper Thames catchment consisting of means, standard 
deviations, and runoff coefficients for rainfall, potential evapotranspiration, and streamflow 
at daily and annual aggregation levels 
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Figure 3.3 Rainfall, potential evapotranspiration, and runoff as 25-year daily means in millimetres 
averaged over the catchment as well as the runoff coefficients in each month. 
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Moreover, a scattergrarn of annual runoff and rainfall values together with the corresponding 
approximate linear relationship are presented in Figure 3.4. It demonstrate a relatively low 
coefficient of determination which again implies a dominant role for evapotranspiration. The low 
value for the coefficient of variation (CV) of annual rainfall (0.14) and the relatively high value 
for runoff coefficient (0.34) provide further evidences for the aforementioned dominant roles of 
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Figure 3.4 Annual runoff versus rainfallfor the period of Oct-Sep 1951-52 to Oct-Sep 1975- 76 
The annual rainfall and runoff vary from 446 to 945 millimetres and from 46.7 to 478.5 
millimetres, respectively. The years significantly below the line, which shows the expected 
runoff against the given rainfall, are 1965 and 1960; each followed a year with low rainfall -- 
1964,1959 are ranked respectively second and third in dryness. For the driest year, 1976, the 
expected runoff data (against the given rainfall) for 1977 was not available. 
The justification for using data for the period 1951-1976 and not beyond 1976 is as follows: the 
increase in variability and extreme events has brought some concerns regarding the evidence for 
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climate change during the recent past years (for tendency to higher daily precipitation totals see 
e. g. Gregory & Mitchell (1995) and to higher daily temperature extremes see e. g. Hansen et al., 
(1995)). Therefore, the 1980s and 1990s may be more affected by global warming than the 
previous years (pr-1976 period). In order not to take the risk of the existence of the recent 
probable climate change in the observed data, it was considered inappropriate to use recent 
observed data and instead to use the earlier record (previous-1976) for analysis. This makes the 
comparison with a changed future climate a stronger contrast. 
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CHAPTER 4 
4. STOCHASTIC GENERATION OF DAILY RAINFALL 
DATA 
4.1 Introduction 
In this chapter, the development and validation of a stochastic model of daily rainfall for the 
upper Thames catchment is described. This forms part of the methodological framework outlined 
in Chapter 3. 
Rainfall displays high variability in space and time, when compared to other climatic data, e. g. 
evaporation and temperature (Jones et al., 1972), and is frequently modelled as a stochastic 
process. Here the study of temporal rainfall behaviour is of concern. Attempts have been made to 
model rainfall deterministically, but due to the various unknown characteristics of the 
atmosphere, the stochastic model has become a valuable tool for analysing rainfall series to solve 
hydrologic problems. Moreover, a stochastic modelling approach is needed to allow the long- 
term reliabilities of water resources systems to be estimated. 
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Among the stochastic rainfall models are continuous-time, point process models which are based 
on the idea that rainfall is a result of a generating mechanism based on storm origins. The storm 
origin might be a passing front or a convective storm from which rain cells arise. A particular 
type is the Neyman-Scott Rectangular Pulses (NSRP) point process model, which is a 
comparatively simple model with only five parameters to be estimated. Work carried out in fitting 
the model with data from the UK has yielded quite satisfactory results (see Cowpertwait (1991a), 
and Cowpertwait et al. (1996a)). 
The purpose of this chapter is to apply the NSRP model and generate synthetic daily rainfall data 
employing daily historical rainfall time series from the upper Thames study catchment. In fitting 
the model to the data, the parameters of the model were calculated separately for each month. These 
were then used to generate hourly and (by aggregation) daily rainfall time series, which were later 
(in Chapter 7) converted to daily runoff time series. The results of fitting, generation and 
validation procedures are also presented in this chapter. 
4.2 Model Structure and Properties 
4.2.1 Point Process Models of Rainfall 
A point process model type called the Neyman-Scott White Noise model for representing rainfall 
time series was introduced by Kawas & Delleur (1975). The idea is that rainfall is the result of a 
generating mechanism, in which 'storm origins' arrive according to a Poisson process. 
Associated with each storm origin is a set of rain cell origins displaced from the storm origin by 
distances along the time scale which are exponentially distributed. Moreover, an instantaneous 
rain burst of random depth is associated with each rain cell. 
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Kawas & Delleur (1975) derived the probability generating function for the occurrence process 
and fitted the model to daily rainfall sequences in Indiana, USA. The importance of the Neyman- 
Scott White Noise model was recognized in the work of Rodriguez-Iturbe et al. (1984) and 
Rodriguez-Iturbe et al. (1987a) who compared several probabilistic models for representing the 
temporal rainfall process at a point and found that the model performed better than others. 
Rodriguez-Iturbe et al. (1987a) and Cowpertwait (1991b) further assumed that each rain cell may 
be characterised by a rectangular pulse with has a random duration and intensity rather than 
having an instantaneous rain cell depth; this model was called the Neyman-Scott Rectangular 
Pulses (NSRP) model. 
4.2.2 The Neyman-Scott Rectangular Pulses Model 
4.2.2.1 Assumptions 
The specific assumptions underlying the NSRP model are as follows: . 
(1) The rainfall generating mechanism is characterized by storm origins, which may be passing 
fronts or some other criteria for convective storms, from which rain cells arise. 
(2) The stonn origins arrive according to a Poisson process with rate parameterk (per hour). 
(3) Each storm origin generates a random number (C) of rain cells, C ; -> 1, which in theory could 
also occur at the storm origin. Although it is assumed that all the C cells occur after the origin, to 
ensure at least one rain cell follows each storm origin, C-1 can be described by a Poisson 
distribution with the rate parameter, v (per storm). 
(4) The waiting time of each rain cell after the storm origin is exponentially distributed with 
parameter ß (per hour). 
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(5) The duration of each rain cell is exponentially distributed with parameter Tj (per hour). 
(6) The intensity of each rain cell is constant throughout its duration and is exponentially 
distributed with parameter ý (hour per mm). 
(7) The total intensity at any instant in time is the sum of the intensities due to all active cells at that 
instant. 
(8) The intensity, duration and the waiting time after the storm origin of any rain cell are 
independent of each other and other rain cells. 
Figure 4.1 presents a schematic explanation of the NSRP model. 
4.2.2.2 Model Parameters 
The five model parameters are summarised as: 
1/% = mean time between storm origins (hour), 
1/0 = mean waiting time for cells after the storm origin (hour), 
u= mean number of rain cells per storm, 
1/rl = mean cell duration (hour), 
1/ = mean cell intensity (mm/hour). 
The fitting procedure involves estimating these five parameters using historical data through 
expressions for the mean, variance, autocorrelation coefficients, proportion of dry days, 
proportion of dry days given the previous day dry, and proportion of wet days given the previous 
day wet, in terms of these parameters. While the NSRP is a continuous-time model, the rainfall 
data are always available in aggregated form over some time interval as discrete sequences (e. g. 
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daily totals), so the aggregated properties are needed to estimate the model parameters. These 
were derived by Rodriguez-1turbe et al. (1987a) as described below. 
Storm origins arrive according to a Poisson Process 
e E) E) ee 
Time 
Each origin generates a random number of rain cells 
with cell origins at X 
GX XýOK X GW OX ýiOýKýK X 0ý4mo; '*M< W. - 
Time 
The intensity and duration of each rain cell follow exponential 
distributions - the intensity is constant throughout the duration 
Intensity 
Time 
The total intensity at any point in time is the sum of the intensities 
of all active rain cells at that point 
L Total Intensity 
E> 
Time 
Figure 4.1 Schematic representation of Neyman-Scott rectangular pulses (NSRP) rainfall model (after 
Coupert-wait et al. (I 996a)) 
For simplicity, an exponential distribution with only one parameter 4 was used to model rain cell 
intensity; the mean of cell intensity X (in mm per hour) can be obtained in terms of 4, that is, 
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x= E(X) =ý -1, which implied 
E(X2 )= 2ý -2 . The mean number of cells per storm, ýtc (with 
a Poisson. distribution), can also be defined as gc= E(C) =v, which implies ptC = 
E(C2) =V2. 
For other parameters such as X (with a Poisson distribution), P, and Tj (both with exponential 
distributions), the mean values for the respective variables can, moreover, be defined 
accordingly. 
4.2.2.3 Model Equations 
y(h) be the aggregated rainfall depth Let Y(t) be the intensity process of the NSRP model and , 
(mm) in the ith time interval of length h (hours), so that 
(h) 
_h Y Y(t)dt 
r-ýýti 
Equation 4.1 
If h is measured in hours, the series (Y(h): i=I, Z ... ) is a rainfall time series at the h-hour level of i 
aggregation, i. e. a h-hourly rainfall time series. The second-order properties of Y (h) are as follows I 
(Rodriguez-Iturbe et al., 1987a): 
(a) The mean of h hourly rainfall time series, 
p(h) = EjYj(h)) = 





(b) The variance of h hourly rainfall time series, 
(h) = Par f Yj(') 
2 1)[p2 A(h) _113 B(h)l 
+ 
4, %uA(h) 
Equation 4.3 3p W 
-, 1T 
3ý 2 
where A(h) = ilh -I+ e-"', B(h) = Ph -1+ e-ý'. 
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Cowpertwait (1991a) derived additional NSRP properties, which may be used in fitting the 
model to ensure that the model captures the time dependency inherent in historical rainfall 
events. These are: (1) the probability of an arbitrary interval of any chosen length being dry, ýft 
(2) the probability of dry interval following a dry interval, 6D(h), and (3) the probability of wet 
interval following a wet interval, ýý(h). The last two properties are also called 'transitions 
probabilities'. 
(a) The probability of a dry interval for h hourly rainfall is given as: 
Pr(Yh = 01 = exp -kh +, %P-'(v - 1)-'(1 - kf[I-ph(t)dt]l Equation4.4 
0 
where P. (t) is the probability that a cell arrives in ah hourly interval. 
e-p(t+h)+I-(Ti 




(e-P t- e-l') (v 
- I)e-P' + 
(v 
- 
(b) The transition probability of dry h hourly intervals given the previous h hourly interval is dry 
can be expressed in terms of ý(h) by considering adjacent time intervals [O, h] and [h, 2h], as 
shown below: 
prf[0,2h]dry) 
, th . prf[h, 








(c) The transition probability of a wet h hourly interval, given the previous h hourly interval is 
wet may be written as: 
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prf[h, 2h]dry) = prf[h, 2h]dry I [O, h]dryl x pr([O, h]dry) + prf[h, 2h]dry I [O, h]wetl x prf [o, h]wet) 
that is, 




(h) = pr 
I Yj( hl) i jl-ý(h)ý- Equation 4.6 
4.2.3 Model Fitting 
4. Z3.1 Introduction 
The fitting procedure, based on daily rainfall, involves estimating the five parameters of the 
NSRP model described in section 4.2.2 (i. e. X, p, il, v, and 4), through minimising the following 
sum of squares function: 
m A 
S= zw, (1- f/f, )Z 
1=1 
Equation 4.7 
where X, P, il, 4> 0, and v>l; f, a fi(%, P, 11, v, 4) is a model function that defines a particular 
model statistic (e. g. equations 4.2-4.6) and ý, is its estimated statistic from the historical rainfall 
data; m refers to the number of moments which is taken to be equal to or greater than the number 
of parameters. The weights (w) allow greater weight to be given to fitting some statistics relative 
to others. Here an arbitrary value of wi=10 is chosen for the term relating to the hourly mean 
(here is taken as 1/24 of daily mean) rainfall and values of w, =1 are applied to the remaining 
statistics. In practice, finding a value close to zero for S is the objective. 
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4.2.3.2 Data Analysis 
The observed rainfall time series provided for this study consists of daily values, with each one 
being the average of a number of point values for the upper Thames basin. This daily rainfall 
time series comprises values for 25 years of continuous record. The average values of the 
following statistics of the observed daily time series over the total number of years of record were 
fitted with the respective model functions for each calendar month using the relationships given in 
equations (4.2) to (4.6). These are: 
(i) daily mean, M24, 
(ii) daily variance, V24, 
proportion of dry days, PD, 
(iv) proportion of dry days preceded by a dry day, PDD, and 
(v) proportion of wet days preceded by a wet day, PWW. 
The model parameters were obtained separately for each month using the 25 years record. As a 
result 60 parameter estimates in total, 5 for each month, were obtained. 
Suppose there are N years of historical rainfall time series data. In order to estimate historical 
variance for one of the months, the sample values were computed using the overall sample mean, 
i. e. the sample mean of all the daily values for the month in the N year period. For example, for 
estimating the parameters of the model for January using equation 4.7, the following expressions 
were used to estimate M24, V24, PD, PDD, and PWW, respectively. 
N 31 
M24= I] Z- Yy Equation 4.8 
j=1 , j., Nx3l 
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2 
N 31 ( 
V24 -yy Equation 4.9 
j=1 j., 
(N x 31 - 1) 
PD =DI(7V*31) Equation 4.10 
PDD = DD ID Equation 4.11 
PWW = WW/ W Equation 4.12 
where y, = amount of rain captured in dayj, year i (i = 1, ..., N), D= total number of dry days in 
January, DD = total number of dry days following a dry day, WW = total number of wet days 
following a wet day, and W= total number of wet days. 
The last two equations are also called conditional probabilities. Values of the estimated statistics, 
for each of the 12 calendar months for the 25 year rainfall record, are presented in Table 4.1. 
Table 4.1 Historic rainfall statistics 
Month M24 / (mm) V24 /(mm) 2 PD PDD PWW 
Oct. 1.898 12.978 0.394 0.671 0.788 
Nov. 2.536 19.575 0.288 0.599 0.838 
Dec. 2.343 17.011 0.267 0.557 0.842 
Jan. 2232 13.216 0.275 0.498 0.813 
Feb. 1.663 10.270 0.344 0.648 0.800 
Mar 1.568 9.552 0.418 0.698 0.781 
Apr. 1.632 8.856 0.423 0.715 0.786 
May 1.904 11.605 0.387 0.685 0.793 
Jun. 2.019 24.836 0.451 0.702 0.762 
Jul. 1.869 20.564 0.439 0.673 0.745 
Aug. 2.289 25.46 0.401 0.684 0.779 
Sep. 2.279 18.561 0.403 0.715 0.814 
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4. Z3.3 Parameter Estimation and Results 
Generally, it is very difficult to obtain a value equal to zero, as the best estimate, for the 
minimum of equation 4.7. In practice, it is acceptable to get a value approximately equal to zero, 
especially when 5 functions are used (m =5 in equation 4.7). A Nag-routine, named E04JAF 
(NAG, 1991) was used to minimise the function. It employed a quasi-Newton algorithm for 
finding the minimum, subject to fixed upper and lower bounds on the independent parameters 
(variables). 
The parameters of the NSRP model, together with their corresponding values, which were 
estimated for each month using the above mentioned five statistics, are given in Table 4.2, and 
were found to be physically realistic. For example, in the summer months, the rate of storm. 
origin affivals, X, decreases compared to that in winter months, and the expected intensities, 1/ 4, 
increase, with one exception in May. So, the summer storms generated by the NSRP model will 
be mostly heavier and contain more convective rainfall than the winter storms. This agrees with 
the physical interpretation that winter rainfall in the UK occurs as a result of persistent frontal 
systems, while summer rainfall results from heavy convective thunderstorms (Austin & Houze, 
1972). The estimates of u (mean number of rain cells per storm) and il (an exponential parameter 
for inverse of mean cell duration) were found to vary irregularly; to give average figures, there 
will be 5.8 cells per storm and cells lasting for 3.5 hours [0.28 (l/ hour)], respectively. This cell 
duration is somehow larger than what might be expected on physical grounds; hourly data would 
be required to give sufficient temporal resolution to enable this partameter be defined better. 
However, this estimate is consistent with the preservation of the specified rainfall properties at 
daily level. 
One of the requirements for the model parameters to represent the physical phenomenon 
satisfactorily is also that the mean waiting time between the storm origins (l/ %) should exceed the 
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mean waiting time for rain cells (l/ P) that arrive after the storm origin. This criterion is satisfied by 
all the results in Table 4.2. 











Oct. 0.0083 0.0156 0.2532 6.3025 2.6100 
Nov. 0.0115 0.0158 0.2576 5.7670 2.3988 
Dec. 0.0138 0.0162 0.2653 4.7651 2.4828 
Jan. 0.0159 0.0165 0.2700 4.0734 2.5773 
Feb. 0.0102 0.0160 0.2613 5.2975 2.9285 
Mar 0.0075 0.0155 0.2513 6.5361 2.9854 
Apr. 0.0077 0.0215 0.5481 9.1934 1.9088 
May 0.0075 0.0152 0.2395 7.9721 3.1487 
Jun. 0.0084 0.0165 0.2701 4.0618 1.4584 
Jul. 0.0099 0.0169 0.2738 3.4323 1.5610 





0.2375 8.2102 2.4777 
The seasonal variation in the rate of storm arrival was also found to be physically realistic; for 
example, the mean time between the arrival of storm origins [1/, % (hour)] is 63 hours for January 
and 145 hours for September. 
Furthermore, the differences between the historical time series statistics and the statistics predicted 
by the model (expressed as absolute percentage errors) are represented in Table 4.3. It can be seen 
that these errors are generally small except for the V, PD, and PWW in the summer months. 
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4.3 Generation Procedure 
The performance of the NSRP model together with its fitting procedure was tested by generating 
one hundred series of simulated data, each of the same length as the historic record (25 years). In 
this respect, a simulation program was employed to generate hourly rainfall time series using 
NSRP model (Cowpertwait, 1991b). Having estimated the parameters (Table 4.2), the simulation 
program was used to generate hourly data for the intended period. Furthermore, having 
aggregated hourly data to daily level, the generated and historic properties were compared using 
a graphical device called the box-plot. Box-plots display the main features of a batch of data, 
with a box representing the 25 and 75 percentile limits, and with the median, 5 and 95 percentiles 
also displayed (Figure 4.2). Box-plots are used to examine the distribution of a variable and also 
convey information about spread and skewness. Points more than 1.5 times the inter-quartile 
range from the ends of the box are labelled as outliers/extreme values. 













Oct. 0.60 3.10 3.25 1.33 2.49 2.15 
Nov. 1.57 8.76 7.60 4.44 3.60 5.20 
Dec. 2.00 11.55 9.13 5.04 4.19 6.38 
Jan. 0.29 1.50 1.23 0.53 0.98 0.91 
Feb. 1.64 9.20 9.08 4.84 3.83 5.72 
Mar 0.67 3.49 3.90 1.54 2.78 2.48 
Apr. 0.00 0.00 0.19 0.28 0.42 0.18 
May 0.13 0.63 1.00 0.75 0.20 0.54 
Jun. 2.42 14.50 13.62 1.50 11.19 8.65 
Jul. 2.36 14.05 12.72 1.63 10.15 8.18 
Aug. 
- 
2.11 12.28 11.88 4.15 7.7 
Sep. 
Lý69 
0. 3.59 3.84 
- 
1.76 I-- 3.39 2.65 
CHAPTER 4 STOCHASTIC GENERATION OF DAILY RAINFALL DATA 105 
4.3.1 Results 
Table 4.4 shows the extracted basic statistics, which are the mean, variance, lag-one 
autocorrelation coefficient (LIACC), and skewness coefficient (SC), from 100 generated 
synthetic sequences of rainfall when compared to the corresponding values of the historic series 
for serial daily, monthly, and annual aggregation levels. Results for the statistics used in the 
fitting procedure are demonstrated in (1) Figure 4.3 for the daily mean, (2) Figure 4.4 for the 
daily variance, (3) Figure 4.5 for the proportion of dry days, and (4) Figure 4.6 for the proportion 
of wet days given the previous day wet, together with the respective fitted statistics as well as 
box-plots of corresponding statistics of the 100 simulated series, where comparisons are made on 
a monthly basis. The results presented in Table 4.4 show good agreement except that the 
variances of the generated values are slightly underestimated for daily and monthly levels. The 








Figure 4.2 Interpretation ofbox-plots. 
Figures 4.3-4.6 also show good agreement between historic properties and the 100 simulated 
counterparts except for the summer months where the variance is underestimated (Figure 4-4), 
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the proportion of dry days is overestimated (Figure 4.5), and the proportion of wet days given the 
previous day wet is significantly underestimated (Figure 4.6). Although there is some systematic 
underestimation for monthly values of daily variance and PWW and, to a lesser extent, for PD, 
the parameter estimation and model fitting approach employed here is judged to be acceptable 
overall for rainfall data generation. 
The comparisons between historic and generated values made earlier, may be regarded as a 
means of verifying the selected model and the fitting procedure, in the sense that the fitted values 
should be reproduced satisfactorily by the model. 
Figure 4.7 and Figure 4.8 demonstrate further comparisons between the aggregated monthly 
values in terms of the seasonal monthly variances and monthly lag-one correlation coefficients 
which are not fitted directly by the model. These figures, in turn, indicate that these statistics are 
fairly well reproduced, although some underestimation of monthly variance in winter and spring, 
particularly in October and February, can be seen in Figure 4.7. As validation tests, these results 
can be regarded as satisfactory. 
Table 4.4 A comparison of the basic statistical characteristics of historic and simulated daily, monthly 
and annual rainfall data. 
Serial level Data type and statistic Mean / mm Var /(mm) 
2 LIACC SC 
daily Historic 2.02 16.14 0.231 4.61 
generated: mean(var) 2.02 (0.003) 1 
14.68 (0.88) . 244 (0.000) 3.84(0.15) 
monthly Historic 2.02 1.21 0.041 0.58 
generated: mean(var) 2.02 (0.003) 1.06 (0.01) . 050 (0.004) 0.82(0.04) 
annual Historic 2.02 0.08 0.224 -0.41 
generated: mean(var) 2.02 (0.003) 0.08 (0.001) -. 042 (0.041) 0.13(0.18) 
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Figure 4.3 Box-plot representation of the means of 100 simulated rainfall series, together with the 
historical andfitted values. 
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Figure 4.4 Box-plot representation of the variances of 100 simulated rainfall series, together with the 
historical andfitted values. 
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Figure 4.5 Box-plot representation of the proportions of dry days of 100 simulated rainfall series, 
together with the historical andfitted values. 
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Figure 4.6 Box-plot representation of the PWW of 100 simulated rainfall series, together with the 
historical andfitted values. 
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Figure 4.7 Box-plot representation of the seasonal monthly variance of 100 simulated rainfall series, 
together with the historical andfitted values. 
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Figure 4.8 Box-plot representation of the seasonal monthly lag I correlation coefficient of 100 simulated 
rainfall series, together with the historical andfitted values. 
4.4 Validation Procedure and Results 
As indicated in the previous section, the model reproduced the five chosen statistics fairly well, 
but the reproduction of other statistics is not usually guaranteed. Testing the model's ability to 
reproduce rainfall properties not used in the fitting procedure, but of practical importance, is 
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known as validation. For example, in drought situations, a reproduction of the lengths of dry 
spells and of their frequencies may be regarded as important. So dry spell lengths can be 
employed as a guide in the related decision-making. In view of the intended use of the model for 
water resources impact studies associated with climate and/or land-use change, two validation 
tests were carried out. These were as follows: 
1. The frequencies of occurrences of dry/wet days, or the distribution of the number of 
consecutive dry spell sequences were calculated and compared. 
2. As a comparison of certain individual events, distributions of daily extremes of rainfall 
were obtained and then compared. 
4.4.1 Dry Spell Sequences on a Seasonal Basis 
A year was divided into four seasons: January, February and March; April, May and June; July, 
August, and September; and October, November and December. The number of occurrences of a 
sequence of n dry days is found for both 100 generated series and the historic series over the 25 
year period. That is, the number of times that only one day separated rainy days is counted and 
this process is repeated for two days, three days and so forth until the longest dry run is counted. 
The results of this comparison, between the historic values and the corresponding statistics for 
100 sequences (in terms of, means, mean + standard deviation, and mean - standard deviation) 
are presented in Figure 4.9. It was found for season 3 that the model reproduced the historical dry 
spell sequences well, except for very short dry sequences, which were over-estimated. Moreover, 
the mean number for the very long dry sequences in the generated series is somewhat under- 
estimated. The longest historic dry spell sequence is also 23 days; while longer spells were 
observed in the generated series. 
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Figure 4.9 A comparison ofhistorical and simulated dry spell sequencesfor season 3 (Jul., Aug., Sep). 
4.4.2 Distribution of Daily Annual Maximum Rainfalls 
The maximum daily rainfall for each year was found forboth the historical and generated time 
series. The maxima were ordered and then plotted against the standardised Gumbel variate as 
shown in Figure 4.10. The figure shows the comparison between the historic values and the 
corresponding statistics for 100 sequences (in terms of, means, mean + standard deviation, and 
mean - standard deviation). In this Figure, evidently the model tends to under-estimate the 
extreme values. Overall, it can be concluded that the model provides a good fit to the historical 
maximum daily values, given that the parameters of the model relate to underlying features in the 
rainfall field and not directly to properties of the extremes. 
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Figure 4.10 Extreme value plot ofmaximum daily rainfall. 
4.5 Further Model Fitting Schemes 
4.5.1 Introduction 
As discussed earlier in previous sections, reproducing synthetic rainfall series with a smaller 
variance (see e. g. Table 4.4), both for daily and monthly aggregation levels, caused some 
concern, since this could lead to a loss of variability in simulated synthetic strearnflows. 
Therefore, in order to minimise the possible effects of discrepancies between historical and 
generated rainfall values on simulated strearnflow series, an attempt was made to resolve the 
problem of significant differences in the variances mentioned above. In this section, the modified 
fitting schemes which were developed and applied are explained. 
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4.5.2 Scheme 1: Incorporating the daily lag-one autocorrelation coefficient, 
MACC24, instead of PDD 
As a first try, the rainfall model fitting procedure was modified to take into account the daily lag- 
one autocorrelation. coefficient, denoted as LIACC24, instead of proportion of dry days given the 
previous day dry (PDD). One of the possible reasons for the loss of variance (even for larger 
aggregated levels, say 48,72, and 96 hourly levels) might be a weak fitting of the LIACC24. 
Having tried to achieve a better fit for the seasonal daily lag-one autocorrelation coefficients and 
variances (keeping the complete agreement for the seasonal means), it was found to be very 
difficult to reach a good agreement without disturbing the fit to the proportion of dry days. 
Previously, it had been found that the use of the proportion of dry days, PD, in model fitting is 
preferable to the LIACC24 (Cowpertwait, 1991a). As a result, although the seasonal variance 
fittings was found to be much better than in the original work, it was not possible to get a 
comparable fit for the PD statistics. These respective graphs are shown in Figure 4.11, in terms 
of historical and fitted values, to be compared with Figure 4.4 and Figure 4.5. It was therefore 
decided not to go forward with this scheme for rainfall data generation. 
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Figure 4.11 Historical andfitted statisticsfor seasonal variance andproportion of dry days in Scheme I 
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4.5.3 Scheme 2: Incorporating LlACC24 and 2-day variance, V48, instead of 
PDD and PWW 
In this scheme, the five statistics used for parameter estimation, calculated from the historic 
rainfall time series, were the mean, M24,1-day variance, V24,2-day variance, V48, proportion 
of dry days, PDD, and 1-day autocorrelation coefficient at lag one, LIACC24. Secondly, the 
mean number of rain cells per storm (C), was taken as a Poisson distribution rather than (C-1) 
(Cowpertwait, 1991b). Lastly, an alternative algorithm to the quasi-Newton optimisation 
procedure, called the Simplex algorithm (utilising the E04CCF Nag-routine, NAG (1991)), was 
employed as a method for minimising the objective function given by Equation 4.7 (Nelder & 
Mead, 1965). Here, the values obtained from the original work were used as starting values for 
the fitting procedure using the above-mentioned historical statistics. 
Figures 4.13-4.16 demonstrate the seasonal daily statistics, M24, V24, PD, and PWW, for 
historic, fitted, and generated rainfall series. In this scheme, the fitting for the seasonal variance 
(Figure 4.14) and autocoffelation coefficient (Figure 4.12) was better than for the original work; 
the latter was also expected due to its incorporation in the fitting procedure. Tables 4.5 compares 
the results for the original scheme and this scheme, where it can be seen that the variance 
reproduction is slightly better. 
Figures 4.17 and 4.18 present a comparison of the seasonal monthly variances and lag-one 
correlation coefficients, which represents a type of validation procedure, since they were not 
used in the fitting procedure. A comparison of Figures 4.17 and 4.18 with those in Figures 4.7 
and 4.8, respectively, does not show any significant improvement for this scheme over the 
previous one. 














Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep 
Month 
Figure 4.12 Historical and fitted statistics for lag one autocorrelation coefficient in both original 
scheme and Scheme 1. 
Table 4.5 Com arison of basic statistical characteristics of historic and the corresponding 100 
sequences of generated valuesfor both the original scheme and scheme 2, at daily, monthly 
and annual levels. 
Serial Level Type of data and scheme Mean / nun Var / (MM)2 LIACC SC 
Historic 2.02 16.14 0.231 4.61 
daily generated: original scheme 2.02 (0.003) 14.68 (0.88) 0.244(0.0003) 3.84(0.15) 
mean (var) scheme 2 2.01 (0.003) 15.18 (0.97) 0.230(0.0003) 4.05(0.25) 
Historic 2.02 1.21 0.041 0.58 
monthly generated: original scheme 2.02 (0.003) 1.06 (0.01) 0.05 (0.004) 0.82(0.04) 
mean (var) scheme 2 2.01 (0.003) 1.07 (0.01) 0.05 (0.004) 0.82(0.04) 
Historic 2.02 0.08 0.224 -0.41 
annual generated: original scheme 2.02 (0.003) 0.08 (0.001) -. 042 (0.041) 0.13(0.18) 
L 
mean (var) scheme 2 2.01 (0.003) 0.09 (0.001) - 030(0.031) 1 
0.16(0.28) 
1t 
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Figure 4.13 Box-plot representation of the means of 100 simulated rainfall series, together with the 
historical andfitted values, scheme 2. 
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Figure 4.14 Box-plot representation of the variances of 100 simulated rainfall series, together with the 
historical andfitted values, scheme 2. 
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Figure 4.15 Box-plot representation of the proportions of dry days of 100 simulated rainfall series, 
together with the historical andfitted values, scheme 2. 
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Figure 4.16 Box-plot representation of the PWW of 100 simulated rainfall series, together with the 
historical andfitted values, scheme 2. 
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Figure 4.17 Box-plot representation of the seasonal monthly variance of 100 simulated rainfall series, 
together with the historical andfitted values, scheme 2. 
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Figure 4.18 Box-plot representation of the seasonal monthly lag I correlation coefficient of 100 
simulated rainfall series, together with the historical andfitted values, scheme 2. 
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4.5.4 Scheme 3: Using a 2-cell type of NSRP rainfall model 
In a third trial, a 2-cell type of NSRP rainfall model was used. As was expected (Cowpertwait, 
1994), a better agreement between the extreme values than all previous works was obtained (not 
shown here). It also improved the fit to the variances and PDs. However, the improvements were 
not considered significant and due to the efforts and time put into using this scheme, compared 
the original scheme. It was, therefore, considered that this scheme is not superior. The results are 
not shown here. 
4.6 Preservation of Monthly and Annual Rainfall Statistics 
4.6.1 Introduction 
Since the modelling schemes described above would not guarantee the preservation of monthly 
and annual rainfall statistics, schemes were devised which would ensure this. Moreover, the 
reliability assessment of water resources could prove to be dependent on the monthly and annual 
rainfall properties. Reference to Table 4.5 shows that the NSRP model (for both the original 
scheme and the scheme-2) does not preserve the monthly and annual variance, for example. 
Relatively simple approaches were devised to ensure the preservation of monthly and annual 
statistics. 
An ARMA model was fitted to the deseasonalised (standardised) monthly rainfall series, and 
then used to generate monthly synthetic rainfall series. The previously generated NSRP daily 
data were then aggregated to give corresponding monthly totals which differed from the monthly 
values generated by the ARMA approach. Scaling factors were then calculated which, when 
applied to the NSRP daily values, would ensure that they added up to the totals generated by the 
ARMA approach. A variation on this scheme was obtained by employing a seasonal AR(l) 
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model (similar to the Tbomas Fiering streamflow model) instead of the standardised ARMA 
approach. A similar scheme was employed to ensure the preservation of annual rainfall statistics. 
4.6.2 Scheme 4: Preservation of monthly rainfall statistics using ARMA 
modelling 
An ARMA modelling approach was fitted to standardised historical monthly rainfall data (Z,, ) in 
order to generate rainfall sequences of the same length as the previously generated NSRP daily 
rainfall data. The NSRP daily data were then scaled as outlined above; the steps involved are as 
follows: 
1. calculating Z,, at monthly level as Z,, = (X,, -, u)lc;., , where X.. is historical monthly 
rainfall and u, and cr, are periodic mean and standard deviation of monthly values 
(obtained using Fourier analysis), respectively; 
2. fitting an ARMA model to Z,,, (a model of ARMA(1,0) level was identified to provide a 
good fit); 
3. generating a synthetic Z series, denoted Z,,, , and then converting Z,,, to X,,, as: X,,, = p, 
cr, 
4. denoting previously generated daily series of rainfall from the NSRP model as D,,,,, and 
its corresponding monthly total as AN. , D,,. was then scaled as D",,,,, to give the 
'correct' monthly totals X. via: 
XM' - D,, m = X. N D,,. Equation 4.13 
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The results are shown in Table 4.6. The corresponding generated series resulting from this 
scheme, although better than the original scheme in terms of monthly level of variance, were 
worse in terms of daily variance statistics. 
4.6.3 Scheme 5- Preservation of monthly statistics using a seasonal AR(1) 
model 
This procedure is the same as scheme 4 but allowed for seasonal variation in the lag-one 
autocorrelation coefficient (see Table 4.6). The rainfall generation series resulting from this 
scheme were not better than scheme 4, that is, discrepancies were still observed in daily variance 
as well as annual statistics of variance, lag-one autocorrelation coefficient, and skewness 
coefficient. Therefore, the results of this scheme could not be considered superior than the 
scheme 4 when compared to the original scheme. 
4.6.4 Scheme 6- Preservation of annual and monthly statistics using ARMA 
modelling 
After implementing schemes 4 and 5, there were still discrepancies particularly at the annual 
level. So it was decided to apply the same approach at this level. Then in a subsequent work an 
attempt was made to scale the daily values of the synthetic rainfall series via historical annual 
aggregation level. An ARMA modelling fitting approach was performed on the historical rainfall 
at the annual aggregation level (Y, ) in order to generate rainfall sequences of the same length as 
the previously generated NSRP daily rainfall data. Steps executed for this scaling scheme are: 
1. fitting an ARMA model to annual totals Y,, (a model of ARMA(1,0) level was identified 
to provide a good fit); 
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2. generating synthetic series as T. , which has the same statistical characteristics as the 
historical Ya values, a =1,2, ... ' N where N is the number of years; 
3. generating monthly values using ARMA(1,0) model as done in scheme 4, denoted X,,,: 
4. aggregating the monthly values ofX,,, to annual totals, 1,, ; 
5. X,,, was scaled, denoted X", using the pre-generated annual totals (to give the 'correct' 
annual totals), Y,, via: 
Equation 4.14 
The previously generated daily NSRP values were then scaled as described for scheme 4 to 
ensure that, when aggregated, they equalled the monthly totals X",,, . 
The results presented in Table 4.6 shows that, overall, improved results were obtained in terms of 
daily and annual variance as well as annual lag-one autocorrelation and monthly skewness 
coefficient when compared to schemes 4 and 5. Moreover, the results in terms of monthly 
variances, annual lag-one autocorrelation and skewness coefficient at monthly and annual levels 
were significantly improved when compared to the original scheme. Therefore, this scheme gives 
an advantage over the original scheme. 
4.6.5 Scheme 7- Preservation of annual statistics using ARMA modelling and 
monthly statistics using a seasonal AR(1) modelling 
This scheme is again the same as scheme 6, but uses scheme 5 instead of scheme 4 at the 
monthly level. The results for generated rainfall values are presented in Table 4.6. These results 
together with other figures (corresponding to figures like Figures 4.3,4.7, and 4.8, which are not 
shown here) show overall improved results, such as for the variance of monthly aggregated totals 
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and annual lag-one autocorrelation coefficient statistics, obtained when compared to the original 
scheme. 
Table 4.6 Basic statistical values of historical daily data, together with statistical characteristics of 
corres onding values for 100 generated rainfall series, at daily, monthly, and annual level, P 
for various preservation schemes using M24, V24, PD, PDA and PWW statistics (original 
scheme) and % P, v, il, and 4 parameters in rainfall single-site modelfitting procedure. 
Type of data Preservation Basic statistics Aggregation 
scheme Mean / mm Var / 
(mm) 2 LIACC SC level 
2.02 16.14 0.231 4.61 daily 
Historic 2.02 1.21 0.041 0.58 monthly 
2.02 0.08 0.22 -0.41 annual 
Original 2.02 (0.003) 14.68 (0.88) 0.24 (0.0003) 3.84 (0.15) daily 
scheme 2.02 (0.003) 1.06 (0.01) 0.05 (0.004) 0.82 (0.04) monthly 
2.02 (0.003) 0.08 (0.003) -0.04 (0.041) 0.13 (0.18) annual 
Scheme 4 2.03 (0.004) 19.01 (1.83) 0.22 (0.0004) 4.66 (0.26) daily 
2.03 (0.004) 1.15 (0.01) 0.04 (0.003) 0.29 (0.02) monthly 
2.03 (0.004) 0.09 (0.001) -0.01 (0.035) 0.03 (0.22) annual 
Generated Scheme 5 2.04 (0.003) 19.16 (2.21) 0.22 (0.000) 4.73 (0.34) daily 
sequences: 2.04 (0.003) 1.18 (0.01) 0.04 (0.004) 0.29 (0.02) monthly 
mean (var) 2.04 (0.003) 0.10 (0.002) -0.02 (0.04) 0.12 (0.25) annual 
Scheme 6 2.00 (0.01) 18.70 (3.08) 0.22 (0.0004) 4.81 (0.29) daily 
2.00 (0.01) 1.17 (0.02) 0.03 (0.004) 0.46 (0.03) monthly 
2.00 (0.01) 0.08 (0.001) 0.26 (0.04) 0.07 (0.23) annual 
Scheme 7 2.01 (0.01) 18.99 (3.32) 0.22 (0.000) 4.84 (0.39) daily 
2.01 (0.01) 1.21 (0.02) 0.03 (0.004) 0.47 (0.03) monthly 
2.01 (0.01) 0.08 (0.001) 0.26 (0.04) 0.07 (0.23) annual 
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4.6.6 Application of monthly and annual preservation schemes to scheme 2 
Table 4.7 portraits the same results as Table 4.6 but employing scheme 2 for fitting the NSRP 
model. The overall results exhibited in Table 4.7 demonstrate very similar results to those shown 
I 
in Table 4.6. 
Table 4.7 Basic statistical values of historical daily data, together with statistical characteristics of 
corresponding values for 100 generated rainfall series, at daily, monthly, and annual level, 
for various preservation schemes using M24, V24, Yar48, PD, and LIACC24 statistics 
(Scheme 2) and % 0, v, T1, and 4 parameters in rainfall single-site modelfitting procedure. 
Type of data Preservation Basic statistics Aggregation 
scheme Mean / nun Var / (MM)2 LIACC SC level 
2.02 16.14 0.231 4.61 daily 
Historic 2.02 1.21 0.041 0.58 monthly 
2.02 0.08 0.22 -0.41 annual 
Scheme 2 2.01 (0.003) 15.18 (0.97) 0.23 (0.000) 4.05 (0.25) daily 
2.01 (0.003) 1.07 (0.01) 0.05 (0.004) 0.82 (0.04) monthly 
2.01 (0.003) 0.09 (0.001) -0.03 (0.031) 0.16 (0.28) annual 
Scheme 4 2.03 (0.004) 19.75 (2.40) 0.20 (0.000) 4.86 (0.36) daily 
2.03 (0.004) 1.15 (0.01) 0.04 (0.003) 0.29 (0.02) monthly 
2.03 (0.004) 0.09 (0.001) -0.01 (0.035) 0.03 (0.22) annual 
Generated Scheme 5 2.03 (0.00) 20.03 (1.93) 0.21 (0.00) 4.85 (0.39) daily 
sequences: 2.03 (0.00) 1.23 (0.01) 0.04 (0.00) 0.15 (0.02) monthly 
mean (var) 2.03 (0.00) 0.10 (0.00) -0.02 (0.04) 0.09 (0.24) annual 
Scheme 6 2.00 (0.01) 19.39 (3.21) 0.20 (0.00) 4.94 (0.28) daily 
2.00 (0.01) 1.17 (0.02) 0.03 (0.00) 0.46 (0.03) monthly 
2.00 (0.01) 0.08 (0.00) 0.26 (0.04) 0.07 (0.23) annual 
Scheme 7 2.00 (0.01) 19.92 (3.93) 0.21 (0.00) 4.97 (0.46) daily 
2.00 (0.01) 1.28 (0.03) 0.02 (0.00) 0.29 (0.04) monthly 
2.00 (0.01) 0.08 (0.00) 0.26 (0.04) 0.06 (0.22) 
1 
annual 
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4.7 Summary and Concluding Remarks 
A Neyman-Scott Rectangular Pulses model has been applied to catchment average daily rainfall 
data for the upper Tharnes catchment. Two model fitting procedures have been employed: one 
based on the use of statistics such as daily mean, daily variance, proportion of dry days, 
proportion of dry days given the previous day dry, and proportion of wet days given the previous 
day wet, denoted as M24, V24, PD, PDD, and PWW, respectively, and the second one based on 
the use of statistics such as daily mean, daily variance, two-day variance, proportion of dry days, 
daily lag-one autocoffelation coefficient, denoted as M24, V24, V48, PD, and LIACC24, 
respectively, which was found to give'slightly better results. However, the first model fitting 
procedure was selected in this study due to its potential capability for low flow simulations; it 
uses daily transition probabilities within the fitting procedure as they gave a better model fit to 
the historic dry spell sequences as far as the validation procedure is concerned (not shown). 
When the generated daily NSRP data were aggregated to the monthly and annual levels, the 
statistical properties of the historical data at these levels of aggregation were not preserved very 
well. When synthetic streamflow sequences were generated using this approach (Chapter 7), it 
was found that the effects of these discrepancies were amplified. Accordingly, ARMA models 
were fitted at the monthly (schemes 4 and 5) and annual (schemes 6 and 7) levels and a simple 
scaling approach was used to disaggregate the generated annual data to the monthly level; the 
same approach was used to disaggregate to the daily level, except that in this case generated 
NSRP daily values were scaled to give the monthly totals generated by the ARMA approach. 
The simple scaling approach can be shown to lead to some distortion of the annual 
autocorrelation coefficients, but since these are relatively small for rainfall data, this was not 
considered to be a problem. Finally, the set of results shown in Tables 4.6 and 4.7 suggests 
scheme 6 as the best scheme among others employed here for daily rainfall generation. 
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CHAPTER 5 
I-SToCHASTIC GENERATION OF POTENTIAL 
5.1 Introduction 
Potential evapotranspiration rates are usually estimated using several climatological variables 
such as net radiation, air temperature and humidity, and wind speed at a height of two metres 
(see e. g. Bultot et al. (1988)). In this study, the corresponding daily data for the study catchment 
were available and therefore, used directly for the modelling and generation procedure. The 
reason for modelling daily values is because rainfall and runoff are modelled on a daily basis. 
The stochastic modelling of monthly or daily time series of hydroclimatological data has 
concentrated primarily on autoregressive moving average (ARMA) processes and, possibly, 
more on autoregressive processes, AR(p), after deseasonalising. For instance, McMichael & 
Hunter (1972) used the method of Box & Jenkins (1976) for a forecasting approach to daily 
values of evaporation data. They concluded, however, that employing the full stochastic model 
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of AR(I), which is simple, parsimonious, a good fit, and complementary to Fourier analysis is 
useful means for their modelling. 
For the generation of daily potential evapotranspiration (PET) data in this research, firstly, a 
primary study was performed between the historic PET and rainfall data to check if the PET data 
were dependent on rainfall values. In this respect, the assumption of independence was justified. 
Secondly, attention was first paid to the strong periodicity evident in the data. Therefore, the 
modelling procedure adopted was to deseasonalise the data by a Fourier series analysis and then, 
to fit an ARMA(p, q) model to the residuals (Salas et al., 1980). 
In the next section, an outline of the modelling procedure is provided. Section 5.3 describes the 
application of the modelling procedure to the study catchment. The generation procedure and 
results are described in Sections 5.4 and 5.5, respectively. Finally some concluding remarks are 
given in Section 5.6. 
5.2 Modelling Procedure 
5.2.1 Discrete Time Series Modelling 
To apply stochastic modelling, it must be assumed that the statistical properties of the observed 
time series, sampled in discrete time, remain invariant with time i. e. stationarity holds. If this 
invariance is disturbed by external factors such as a trend caused by envirom-nental changes or 
other phenomena, then the resultant potential evapotranspiration is assumed to be a linear 
combination of those factors. The general representation may be postulated as: 
X.. 
T 
TIT Equation 5.1 
in which 
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X., 
t the observed value on any day (generally considered as periodic time series where u 
denotes the year andr denotes the time-interval within the year), 
T., =a trend component, 
ýtv = an oscillatory component (generally considered as periodic mean), and 
4., =a stochastic component. 
Considering the trend-free series Y., = X,,, - T, (T,,, may be absent or subtracted out from 
X, by regression or other means), it may be written as 
lit +4ult* Equation 5.2 
When there is no trend, then X.., = Y,,., . Due to the component p, , the correlogram. for such 
data exhibits a cyclic pattern. This component may be removed by subtracting its periodicity 
obtained from harmonic analysis of Y.,. The determination of ýt, leaves the stochastic 
component 
4. " = Y. " - ýt, 
Equation 5.3 
to be analysed. Having subtracted the g, (or average daily values in case of using daily data), 
the resultant component (4., ) may be further standardised. This can be achieved by dividing by 
the corresponding periodic standard deviation (a, ). The correlogram of these standardised values 
(Z, ) does not have a cyclic pattern and they are called standardised residuals (Salas et al., 1980). 
The Z, component is assumed to belong to a class of processes which includes autoregressive, 
AR(p), moving average, MA(q), autoregressive moving average, ARMA(p, q), and other linear 
regression schemes. 
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The application of the above procedure to potential evapotranspiration data of the study 
catchment, which is called 'discrete time series modelling' in the literature, is described in the 
next section. 
5.2.2 Oscillatory Component Modelling (ýt, and aj 
The seasonal component can be modelled economically with harmonic curves that incorporate 
the smooth change from one time-interval to the next, associated with the seasonality. Therefore 
p, and a, (the periodic mean and the periodic standard deviation, respectively) are estimated 
by harmonic series fitting of Y, and S,, respectively, which are defined as: 




where n is the number of years of record and w is the number of time-intervals within the year. 
Harmonic analysis essentially consists of finding harmonic functions of the following forms to 
represent g, and a,: 
h 
c, j co 
(2njv 2nj-r 
=a,, + c+ Ct 2j Sn 
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h 2njr 2njT 
=bo+E Pljco -) + P2j Sn(ýW-l 'r = 1,2,..., w Equation 5.7 
j. 1 
IýwI 
where w is 365 in the case of daily values, j is the order of harmonic, h is called the total number 
of significant harmonics, which is equal to at most half of the total number of time intervals 
within the year (W or W-I depending if w is even or odd, respectively), ao and bo are the 22 
2n 
means of Y, and S,, respectively, - is the frequency of the oscillations, and w 
aos bo, aij, b, j, a2j, and b2j are called harmonic coefficients (Yevjevich, 1972a). 
The procedure for finding the harmonic coefficients, cc. and b,, is fully explained in the 
standard reference texts such as Bloomfield (1976). 
5.2.3 Stochastic Component Modelling (Z, ) 
In order to establish the general structure of this component, the correlogram. method was used. 
A correlogram of the standardiscd series can indicate if any ftu-ther modelling is needed. The 
procedure for estimating the coffelogram. is as follows: 
(1) The autocorrelation coefficient, rL, of a series, such as Z,, is calculated as: 
N-L 
W --L 
Z (Z# - 
z)(zt+L 
-2) rL Equation 5.8 
where N is the series length, L is the lag between two values of the series (usually takes values of 
up to N/4), and 2 is the mean of the series. 
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(2) By determining the above coefficient at various lags, L, for the series as well as 
performing the graphical representation of the variation of rL versus L, a plot, called a 
correlogram, is obtained. 
If the data series is random, the computed values of rL, other than for L=O which is one, should 
lie close to the horizontal axis. The confidence limits corresponding to a given significance level 
is expressed by the Anderson test (Yevjevich, 1972a), which is: 
I 




where N is the series length, Z,,, is the standard normal deviate corresponding to a probability 
level a (for a=5%, the significance level, Z,, =1.96), and L is the lag between two values of the 
series, L =1,2, .... N14. 
Otherwise, for the data series, the stochastic component is modelled by a means of parameteric 
models of an autoregressive and moving average type such as ARMA(p, q) (Box & Jenkins, 
1976). Models of this type are employed to explain the correlation between the values of the Z, 
series. The general structure of a model of a stationary ARMA(p, q) type is the following: 
Zt =ý, Z, 
-, 
+CZl-2+---+ýpZt-p +11t +01119-1 +02'lt-2+***+Oq'qt-q Equation 5.10 
in which 
t is serial time, 
Z, is the current value of the modelled series at time t, 
the ýj and Oj are constant parameters of the autoregressive and moving average model, 
respectively, 
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il, is the current value of an independent random variable with mean zero and constant variance, 
2 
all , (white noise), and 
p and q are the orders of the autoregressive and moving average components, respectively. 
A special case of the above model is the linear autoregressive, AR(p), model: 
ZI ý40 +ýA-l +ý2ZI-2+**+ýpzl-p +111 Equation 5.11 
Because of the diminishing effects with time of past values on the present, p is typically of low 
order. The AR(p) model is also called finite order Markov model. 
5.2.4 Goodness of Fit Tests for Selected Scheme 
The adequacy of the fitted scheme is generally tested through a residual analysis. The residuals 
of e. g. the ARMA(pq) or AR(p) model, Equation 5.10 or 5.11, may be tested against the 
hypotheses of zero correlation and normality, the correlograrn and the Anderson test may be used 
to test the former hypothesis. 
The normality hypothesis of the residuals might be tested by employing a normal probability plot 
of the data. The procedure is to plot the residuals versus their normal score values. If the sample 
data is from a normal population, the points in the plot usually fall roughly in a straight line, 
otherwise the plot usually shows curvature. The 'straightness' of the probability plot can be 
measured by the magnitude of correlation coefficient between the residuals and their normal 
score values. A powerful test for normality, which is essentially equivalent to the Shapiro-Wilk 
test (Shapiro & Wilk, 1965), can be based on this correlation (called 'correlation test for 
normality'). That is, a very high correlation is consistent with normality. Therefore, if the 
correlation falls below the critical value, the hypothesis of normality would be rejected. 
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If the residuals do not comply with the above mentioned conditions indicated for il, , the model 
should be re-selected and then reapplied. 
5.3 Model Fitting and Results 
5.3.1 Data Analysis 
Having tested the daily data against a trend component, no significant trend was observed. 
Regarding the oscillatory component, a plot of the observed daily potential evapotranspiration 
data generally exhibits a strong pattern of seasonality (see the sample plot for 10 years of data in 
Figure 5.1). Moreover, as a simple demonstration, the monthly averages of the sample daily 
mean and standard deviation (called the periodic statistical characteristics of the series X, ) 









Figure S. 1 Daily time series ofobservedpolential evapotranspiration data (thefirst 10year) 
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The well defined seasonality is also exhibited in this figure, that is, the monthly statistics for low 
values of PET (e. g. winter season) are significantly different from those of the high values of 
PET (e. g. summer season). The high difference between the values of means and standard 
deviations and the seasonal pattern of both variables confirms the use of harmonic analysis for 
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Figure 5.2 Yhe seasonal pattern of observed andfitted PET values in terms of monthly averages of 
daily mean and standard deviation 
5.3.2 Parameter Estimation 
The model fitting was carried out through removing seasonality by a harmonic analysis for the 
observed series using the annual cycle and then applying an AR(3) model to the deseasonalised 
data. 
To estimate the parameters a., a,,, and a,, (Equation 5.6), the regression. facility of the Minitab 
package was employed. The significance of the various harmonics was tested and the fmal model 
together with the estimated coefficients is as follows: 
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with S= 0.25 and Rý = 95.5, where, I=1,2,..., 25 x 365, S is the standard error of estimate, and 
Rý is the coefficient of determination of the regression equation. 
On checking the validity of the time-invariance assumption for the monthly standard deviations, 
it was found that they exhibited seasonal variation (see Figure 5.2), thus invalidating the 
stationarity assumption. To overcome this difficulty, the series of standard deviations around the 
daily mcan valucs was rcprescntcd by a harmonic function, 6,, cstimated again through 
harmonic analysis using Equation 5.7. The resultant model as well as its harmonic coefficients, 
bo 9, bij . and b2,, estimated using the regression facility of Minitab, 
is: 
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Equation 5.13 
Having removed the seasonality using Equation 5.12 and Equation 5.13, the deseasonalised data 
were used to carry out the stochastic component modelling. The series 4, obtained from 
Equation 5.3 (using the values obtained from Equation 5.12) was further standardised by 
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where v=1,2,..., 25 and -r = 1,2,..., 365. 
Having applied the Equation 5.14 in order to transform the data, the mean and variance of the Z, 
series were calculated as approximately zero and one, respectively. The autocorrelation 
coefficients of the standardised residuals, Z, were then calculated and were plotted (see Figure 
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Figure 5.3 Autocorrelation coefficients ofthe standardised series Zt ofdaily values 
The graphical study of Figure 5.3 suggests that an AR(p) model can be fitted to these 
standardised residuals. As shown, there was no periodicity remaining but the values were 
correlated. Having employed the Minitab option of constant autoregressive coefficients for 
different orders of AR(p) models, an AR(3) model was chosen to model the residuals, as the next 
step towards the PET data modelling. The approach for choosing an AR(3) model from different 
orders of AR(p) models, was to fit AR processes of progressively higher orders, starting with 
AR(l). The residual sum of squares (SS) for each value of p were then calculated and plotted 
against the selected p's (not shown here). For the value of p=3, the curve 'flattens ouf and the 
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addition of extra parameters gave little improvements in the fit (Hatfield, 1989). The fitted AR(3) 
model for this series is as follows: 
0.8260i, 
-I + 
0.0 1 02i, 
-2 + 
0.1219 ^ uation 5.15 Zt-3 - 0.000771 11, Eq 
where, t=1,2,..., 25 x 365. 
Having applied the Anderson test (Yevjevich, 1972a) for the corrclograrn of AR(3) residuals, 
Figure 5.4, it was found that the hypothesis of zero correlation could not be rejected at a 5% 
significance level for the selected model. Regarding the check on the normality of the data, the 
histogram of the above Z, series demonstrated that the hypothesis of normality is approximately 
valid (see Figure 5.5); it can be seen that the histogram is skewed to the right which is not 
something to be worried about with respect to the properties of first and second order moments 
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Figure 5.4 Autocorrelation function of the series (ý, ), afierfitting the AR(3) model to daily values, as 
well as the 95% upper and lower limits 
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Figure 5.5 Hislogramfor the data series of Zj 
5.4 Generation Procedure 
The generation procedure is essentially the reverse of the main steps of the parameter estimation 
section explained in model fitting procedure. Normal random numbers are generated with the 
properties of the final residuals as the first step in this process. The G05DDF Nag-routine (NAG, 
1991), which returns a pseudo-random real number taken from a Gaussian (normal) distribution, 
22 N(p, a) with ji as mean and a as variance of the AR(3) residuals (ý, ), was employed to 
generate the required random values, TI, A description of the residuals is as follows: 
No. of values Mean Std. deviation Max. Min. 
(MM) (MM2) (MM) (MM) 
9125 0.007 0.322 4.588 -3.889 
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Synthetic Z, series were then generated (Z't) using the AR(3) model (Equation 5.15). The 
periodic means (A, ) and standard deviations (&j obtained from harmonic series analysis 
(Equation 5.12 and 5.13), were then introduced to give generated daily values were as: 
y 
=it +Z xa u, t tt1 
Equation 5.16 
The synthetic series were generated to have the same length as the historic series (25x 365= 9125 
days). Here, instead, 9225 values were generated, taking the first value Z's-t as zero for initiation 
of the procedure. In order to avoid any initial bias in the generated values, a total of 9225 data 
were generated for each synthetic series; the 100 initial generated values were then discarded and 
the last 9125 values were chosen as generated daily values. 
The use of a normal distribution for the simulation of daily potential evapotranspiration data 
introduces the possibility of generating negative values. It was decided to set to zero all of the 
negative values which were reproduced (about 10% of the whole series). One hundred of these 
series were generated to be consistent with the other generated climate variable such as rainfall to 
be used as input in rainfall-runoff model to synthesise daily strearnflow values in the next stages 
of this study. 
5.5 Results 
The results obtained in the fitting procedure were satisfactory based on the goodness of fit test 
scheme. Table 5.1 represents the statistical results in terms of a comparison between the 
statistical characteristics of generated sequences of potential evapotranspiration and their historic 
counterparts for three serial aggregation levels: daily values, monthly averages of daily values, 
and annual averages of daily values. 
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Table 5.1 A comparison of basic statistical characteristics of historic and the corresponding 100 
simulated values ofpotential evapotranspiration datafor daily, monthly and annual levels 
Serial level Type Statistic Mean (mm) VAR LIACC SC 
Historic 1.44 1.35 0.998 0.39 
mean 1.44 1.36 0.997 0.39 
daily 100 variance 0.0004 0.0026 0.0000 0.0008 
generated max. 1.49 1.48 0.998 0.46 
IAO 1.25 0.997 0.33 
Historic 1.44 1.32 0.838 0.39 
mean 1.44 1.31 0.847 0.36 
monthly 100 variance 0.0004 0.0025 0.0000 0.0007 
generated max. 1.48 1.42 0.851 0.43 
min. 1.40 1.21 0.842 0.29 
Historic 1.44 0.01 0.423 1.31 
mean 1.44 0.009 -0.024 0.08 
annual 100 variance 0.0004 0.0000 0.0380 0.2046 
generated max. 1.49 0.014 0.651 1.06 
1.40 0.004 -0.473 -1.38 
Table 5.1 demonstrates very good agreement between the statistics of mean, variance (VAR), lag 
I autocorrelation coefficient (LIACC), skewness coefficient (SC) of historic series and the mean 
values of their synthetic counterparts for 100 generated series at the daily, monthly and annual 
aggregation levels. As can be seen, (1) the complete similarities between the means of the 
mentioned statistics in Table 5.1 (Mean, VAP, LIACC, and SC) obtained from 100 generated 
sequences and the respective statistics from the historic counterparts together with (2) the 
variances of the same statistics obtained from 100 generated sequences as about zero indicate 
evidences for the validity of the modelling procedure used in simulating potential 
evapotranspiration data. The exceptions are for the generated mean in LIACC and SC at annual 
level that are less than of the historic counterpart. Consequently, the generated values can be 
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confidently incorporated into the methodology employed for strcamflow generation as a 
continuous input variable. 
The graphical representation of one sample sequence from the 100 generated series is plotted in 
Figure 5.6 and can be compared to the historical counterpart in Figure 5.1. It can be seen that for 
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Figure 5.6 Daily time series ofgeneratedpotential evapotranspiration data (for a sample of 10years). 
5.6 Summary and Concluding Remarks 
A stochastic modelling procedure was implemented to simulate daily potential 
evapotranspiration data. The data were deseasonalised using a harmonic analysis and then an 
ARMA model, specifically an AR(3) model, was applied to the residuals. The combined 
(harmonic-ARMA) model fitted the data very well. 
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The following series of steps were adopted to model daily PET data over the period of each 
month: 
1. Subtract out harmonic representation of the mean of the process. 
2. Divide out the series resulting from the previous step by a hannonic representation of the 
standard deviation of the process to obtain a standardised series. 
3. Fitting an autoregressive process to the standardised series. 
4. Testing the goodness of fit and identifying the relevant distribution fitted to the series of 
residuals obtained in step 3. 
To execute the simulation procedure to obtain synthetic data, the above mentioned process was 
reversed up to and including step one. 
Having adopted the above modelling and simulation procedure to generate daily PET data, no 
significant problem was observed in preserving the properties of the corresponding historical 
data. It n-ýight be stated that, therefore, the contribution of the generated PET data (as the second 
input climate variable after rainfall) probably makes the least contribution to any discrepancy 
that may be observed in the generated values of streamflow (see Chapter 7). 






Catchment responses are usually characterised by deterministic models. Different approaches 
adopt varying degrees of simplification, depending on the use to be made of the model. 
Catchment modelling approaches, which range from the simple lumped calculation of design 
discharge to the distributed representation of the various processes based on the conservation 
laws of mass, energy and momentum, are classified in a broad sense as: 
1. Physically Based Distributed Models. These types of model employ the laws of physics 
to describe the behaviour of component processes, and their respective parameters are 
reflected in the field measurements. Appropriate examples of their use are in relation to 
studies of land-use change and soil erosion (Beven, 1986). 
2. Conceptual Models. These are mainly used in operational hydrology and utilise grossly 
simplified descriptions of component processes. Their parameters are assigned values, 
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which bear some physical meaning and need to be estimated by minimising objective 
functions (e. g. the sum of squared deviations) (Todini, 1996). 
3. Distribution Function Models. These constitute a major sub-type of conceptual models 
and explain the dynamic variation of the areas contributing to direct runoff by varying 
soil moisture content and its distribution. Therefore, the catchment response is controlled 
by a (probability) distribution function. They tend to have fewer parameters than 
traditional conceptual models, and are calibrated on observed output data. 
4. Lumped Input-Output (Black-Box) Models. Models of these kinds utilise no description 
of component processes, and are calibrated using input and output data. 
All the above-mentioned types of model produce outflow as a function of time except for the 
first, which produces it as a function of both space and time. Distribution function models have 
been developed for both humid and semi-humid regions (Zhao, 1992). One particular type, 
known as the Xinanjiang model and named after a river system in China, was developed in 1973 
and published in 1980 (Zhao et al., 1980); it represents the soil water storage characteristics of 
the river basin using a distribution function approach. Later on, to account more effectively for 
soil water depletion, drainage and percolation components were added to its soil moisture 
balance and applied to the Arno River and accordingly called the ARNO model (Todini, 1996). 
The ARNO model was considered to be superior when compared with other well known models, 
such as STANFORD IV, SACRAMENTO, and SSARR (Franchini & Pacciani, 1991). 
As stated in Chapter 2 (Literature Review), the sensitivity of water resources to climate processes 
is best described by a catchment response model. Therefore, in this chapter the ARNO model, 
which has been adopted here for transforming climatic data to hydrological data (streamflow), 
will be explained and applied to the study catchment. 
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6.2 Description of ARNO Model 
6.2.1 Basic Concepts 
The continuous ARNO model, in which both components of surface water flow and interflow are 
explicitly included, describes water flow at the outlet of the catchment. The word continuous 
refers to the models which simulate runoff in continuous time, in contrast to the event catchment 
models. 
As is the case with all deterministic rainfall runoff models, the adopted ARNO model has two 
main and distinct components: 
1. the water balance, which explains the balance between the water content of the soil, the 
input (precipitation), and the output (e. g. runoff and actual evapotranspiration), and 
2. the transfer of the runoff to the outlet of the catchment. 
The former component characterises the rainfall-runoff relationship and is therefore, considered 
as the key component. The main feature here is the concept of runoff formation, that is, runoff is 
not produced until the moisture content of the soil zone reaches its field capacity and, after this 
stage, runoff is equal to rainfall excess without further loss. An important point in the ARNO 
model is that this concept is applied at the elemental area level; the saturation capacity is then 
considered to be a spatial variable within the catchment which can be described using a 
hypothesised probability distribution. The concept of a probability distribution approach has 
been adopted and used in a wide range of rainfall-runoff modelling studies. There are several 
reasons for this, of which an important one is the relatively small number of parameters to be 
estimated (see e. g. Wood et al. (1992) and Dunn et al. (1996)). 
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The transfer function in the ARNO model is itself composed of three components: transfer of 
runoff 1) to the drainage network along the hill slopes; 2) to the closure section of the sub- 
catchment, and 3) to the succeeding closure sections of any sub-catchments located downstream 
from that initially considered (Franchini & Pacciani, 1991). A detailed description of the ARNO 
model has been presented by Todini (1996). The schematic representation of the ARNO model is 
depicted in Figure 6.1, showing its two main features, the water balance and routing components. 
In this figure, W and W,, are called average soil moisture content and average maximum soil 
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Figure6l 71e schematic representation of the ARNO model 
The real catchment in the ARNO model is divided into a series of sub-catchments; the degree of 
sub-division adopted will depend on the size of the catchment, the variation of rainfall across the 
catchment, and the location of hydrometric stations. All the sub-catchments, which are connected 
to each other via the channel network, constitute a tree showing where computations are carried 
out. The model is able to reproduce flows at the outlets of the sub-catchments and along the 
length of the river network. Inside each sub-catchment, and for each time-interval, the following 
quantities are calculated: 
I. evapotranspiration and runoff production from soil moisture; 
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2. runoff transfer (routing) along the hillslopes and in the channel reach to the outflow 
section using a distributed inflow linear parabolic unit hydrograph model for both, as 
shown in Figure 6.2 (hillslope and channel routing); 
3. input hydrograph transfer from the upstream sub-catchment outflow section (if any) to the 
downstream sub-catchment outlet, again using a linear, but concentrated, input parabolic 
unit hydrograph model (channel routing); 
4. summation of outflows from (2) and (3) at the sub-catchment outlet. 
This process is continued until all the runoff hydrographs from all sub-catchments reach the 




Figure 62 The schematic representation of routing to sub-catchment outlet section, with r(t) as 
lateralflow, q(t) as Iongitudinalflow, and Q(t) as catchment outlet discharge. 
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6.2.2 Water Balance Component (Runoff Production Function) 
6. ZZ1 Soil Moisture Module 
The soil moisture balance module is based on the method developed by Zhao (1977), as quoted 
by Todini (1996). The cumulative distribution of the soil moisture content of small elementary 










where w,, is the maximum possible soil moisture in the elementary area, b is a characteristic 
exponent parameter being specific to a given sub-catchment, and x is the fraction of the pervious 
area at saturation. The x is defined as 
S- Simp 
provided that S- Si P 
is the generic surface area at Sper 
saturation. Sj,, p and Sp, are named as impervious and pervious areas, respectively. P,, is defined 
as effective precipitation, which is equal to the difference between precipitation and actual 
evapotranspiration. R is also called surface runoff, which is generated by the input P,, . The above 
equation, known as soil moisture capacity curve, can, moreover, be re-formulated for x as a 
function of w/w,,,, as shown below: 
Equation 62 
Todini (1996), referring to his previous work (Todini, 1988), modified the original scheme to 
account more effectively for soil depletion due to drainage and applied this to the Arno catchment 
for the first time; hence, the ARNO model. 
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Figure 6.3 Catchment soil moisture capacity curve 
Over the sub-catchment, the assumptions for the soil moisture module are: (1) composition of an 
infinite number of small elementary areas, each with unique soil moisture content and capacity, as 
well as the validity of conservation of mass over the time-interval; (2) spatial Uniformity of 
precipitation input; (3) infiltration of the whole precipitation input except for the Imperviousness 
or saturation of the soil; (4) responsibility of the above spatial distribution function (Equation 6.1 ) 
for surface runoff generation due to the dynamics of contributing areas, and described by the 
saturated proportion of elementary areas; (5) depletion of soil moisture storage by 
evapotranspiration, drainage (lateral sub-surface flow) towards the drainage network and 
percolation to groundwater; and (6) derivation of total runoff as the spatial integral of different 
contributing elementary areas. 
If the precipitation P is greater than potential evapotranspiration (PET), tile actual 
evapotranspiration would be at a potential rate, that is PET, with the difference P-PET which is 
P, as effective precipitation. In Figure 6.3, R is produced by the sub-catchnicrit and is the sum of 
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S. 
(1) effective precipitation input in proportion to impervious area, ' P, and (2) average runoff Sw 
P+w 0 
in proportion to pervious area, r fx(ý)dý, i. e. Sw 
w 
s 
jp s per 
P. +w 
R= P. + fx(Qdý if P. +W<W. s tot s tot w 
or Equation 63 







where S,,, is the total surface area (S,,, = Si .. p+ Sp,, ), excluding the surface area of lakes and 
reservoirs. In terms of W and W,,, , sub-catchment average soil moisture content and average soil 
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S. s I+b R= "'P. +-'r(W. -W) if P.; ->(b+I)W. 1- 
W 
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Equation 64 
If the precipitation P is smaller than potential evapotranspiration PET, the P, becomes negative 
and, therefore, the runoff (R) would be zero. In this case the actual evapotranspiration component 
in the water balance module, which is originally evaluated as potential evapotranspiration in 
proportion to the ratio between (average) moisture content and (average) storage capacity of the 
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soil, is modified by a weighted formula as a function of catchment moisture content and the 
saturated soil surface area according to the following expression: 
AET = PET[x + (I - x) WW 
.I 
Equation 65 
where x and I-x are equivalent to the saturated and unsaturated fractions of the pervious area, 
respectively (see Equation 6.2). 
Using Equation 6.2, it may also interchangeably be computed as a proportion of the PET using a 
relationship based on the available water content in the soil water store and on the b parameter. 




AET = PET[l - 
(I W- 
W-) Equation 66 
If the whole catchment area is saturated (W = W. ), the actual evapotranspiration would be equal 
to the potential evapotranspiration (PET). 
The non-linear response of the unsaturated soil to precipitation as shown in Equation 6.1, which 
indicates the shape of the distribution curve, is strongly affected by the horizontal drainage and 
vertical percolation losses. Therefore, in the ARNO modelling approach, these terms (other than 
the actual evapotranspiration term (AEY)) are considered to be dependent on the soil moisture in 
the soil zone as explained below. 
Drainage Loss 
Application experiences have shown that the drainage component has a strong affect on runoff 
calculations through soil moisture storage by controlling the hydrograph recession (Todini, 1996). 
This estimate is made with the following formula: 
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D=D. j. 
w for W< Wd 
W. 
Equation 67 
w W, - W'd D=D. j. W. + 
(Dmax 
- Dmin)(WF for W ý-- Wd 
md) 
where D. j., and D.,, are the minimum and the maximum allowed drainage parameters, 
respectively, corresponding to the threshold water content value for drainage, Wd and W., 
respectively, and c is an exponential variable (Figure 6.4a). 
Percolation Loss 
This component is considered as water loss through percolation towards the groundwater table 
(saturated zone) and is estimated as: 
I=O forW < W, 
I=a (W- Wi) forWý: Wi 
Equation 68 
where ot is an empirical coefficient and Wi is the water content threshold value (mm. ), below 
which the percolation may be considered negligible (Figure 6.4b). 
The above equations allow the computation of the surface runoff, which is supposed to be 
uniformly distributed over the catchment (sub-catchment). The variation of the soil moisture 
during the interval of time At can then be described by: 
W(t + At) = W(t) + P(t, t+ At) - R(t, t+ At) - AET(t, t+ At) - D(t, t+ At) - I(t, t+ At) 
Equation 69 
where P(t, t+ At) is the areal rainfall over the interval At, R(t, t+ At) is surface runoff over the 
interval At, AET(t, t+ At) is the loss through evapotranspiration over the interval At; D(t' t+ At) 
is the outflow through sub-surface flow (drainage) over the interval At, I(t, t +At) is the loss 
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over the interval At, W(t + At) is the soil moisture content at time t+ At, and W(t) is the soil 
moisture content at time t, all with the unit of millimetres averaged over the sub-catchment. 
Runoff Calculation 
Finally the outflow from the sub-catchment, R,,,, is calculated as: 
Rtot =2 R+D+B Equation 6.10 
where B is the base flow produced by the groundwater through the percolation process. 
Drainage (mm/day) Percolation (mrn/day) 
D.,,,, .................................................. 
C-- I a(Wm-Wi) ........................................ C-2 
Dmi . ....................... 
Wd W. wj W. 
(a) (b) 
Figure 64 Drainage (a) andpercolation (b) component computations 
This is the value computed for all time-steps during one event and forms the hydrograph, which 
is to be convoluted toward the outlet of the sub-catchment according to the transfer function 
component which is described in the next section. 
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6.2.3 Runoff Routing Components (Transfer Function) 
Surface runoff and interflow constitute the production (water balance) components of the ARNO 
sub-catchment model. The transfer components route the production components of runoff to the 
outlet of the catchment, where a comparison with historic streamflow occurs. 
6. Z3.1 Routing Module 
Suppose a runoff hydrograph, for a (unit area of ) sub-catchment, r(t) in Figure 6.2 or R,,, in 
Equation 6.10, is known. This hydrograph moves towards the sub-catchment outlet along the 
slopes (lateral flow, r(t)) and then reaches the drainage network (longitudinal flow, q(t)) as 
convective and diffusive inflow using the following differential equation. 
aQ+ 
Cj ýý-2 - Dj 
a2Q 
= Cq Equation 6.11 
where Dj and Cj are the diffusitivity and the convectivity coefficients, respectively, and q is the 
lateral inflow per unit length of the reach. This hydrograph is actually the sum of two transformed 
hydrographs arriving respectively from two sides of the main water course of the basin, see 
Figure 6.2. Thus, one arrives at the situation where there is a main water course of length L 
supplied along all its length by uniformly distributed hydrographs q(t). 
Regarding the routing of upstrearn inflow, the same differential equation, except for q=O , is 








In practice it is assumed that the sub-catchment half-width I is characterised by constant "lateral" 
values of convectivity C, and diffusitivity D, coefficients, both along the sub-catchment slope. 
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The sub-catchment length L is in turn characterised by constant "longitudinal" values of C2 and 
D2, both along the channel inside the sub-catchment, which are distinct from the lateral values. 
The algorithm for outflow hydrograph computations in the sub-catchment outlet is summarised 
as: 
Qout QTout +Q jout +Q base Equation 6.13 
where Q,,,., (t) is the outflow from the longitudinal main water course due to the surface and 
subsurface runoff, Q j.., 
(t) is the outflow from the sub-catchment and due to the external inflow 
and Ql,.,, is the base flow admitted, during one rain event, as a constant value. 
Analytical solutions of Equation 6.11 and 6.12 and the detailed system computations 
(computational steps) for responses to lateral r(t) and longitudinal q(t) inputs to the main water 
course, leading finally to sub-catchment outlet discharge, Q,,,, (t), (see Figure 6.2) have been 
described in Todini (1996). 
6.3 Calibration and Validation of the ARNO Model 
6.3.1 Available Data for Calibration and Validation 
The ARNO model, due to its nature, has to be calibrated against a historic record before it can be 
applied in land-use and/or climate change impact studies. To calibrate the ARNO model for the 
study catchment, part of the available record for the period 1/10/1951-30/9/1976 was selected for 
calibration purposes. Seven years of historical daily data (1/10/1951-30/9/1958) were used for 
calibration and the remaining period of eighteen years (1/10/1958-30/9/1976) was used for 
validation. 
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Since the daily rainfall and potential evapotranspiration data were available as averaged values 
for the catchment area and also only one historic record at the catchment outlet was available, no 
sub-division of the catchment into sub-catchments was justified. 
Model calibration involves estimating the parameters of the model to achieve the desired level of 
agreement between the simulated and observed flows. Generally, agreement between the 
simulated and observed may be assessed by considering the water balance, peak values with 
respect to volume and timing, low flows, and hydrograph shape. Where all four criteria can not be 
optimised simultaneously, the priority in criterion selection depends on the objective of the study. 
Validation is regarded as a vital process to be carried out after calibration in order to check 
whether the performance of the calibrated model is satisfactory or not. This assessment is 
normally achieved by comparing simulated and observed flows for a set of data independent from 
that used in the calibration process, and using the same performance criteria. 
Principally, the parameters of the ARNO model are the coefficients related to the catchment 
storage capacity curve, to drainage (sub-surface flow), to percolation losses, and to the routing 
component. 
6.3.2 Model Calibration 
Parameter estimation may be undertaken using a manual (trial and error) process, an automatic 
optimisation process or, possibly, a combination of both. In order to achieve a physically 
meaningful calibration, a manual approach was adopted here. 
The parameters to be calibrated were as follows: 
W,, (mm): Average maximum storage capacity of the soil over the entire catchment. 
2. b: Shape coefficient of the spatial distribution curve of the storage capacity. 
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3. Wd (mm): Threshold value of moisture content used in the drainage calculation. 
4. D.,,, (mmlday): Maximum drainage value. 
5. Dmin (mmlday): Minimum drainage value, corresponding to threshold value of the 
moisture content. 
6. c: Shape coefficient of the drainage curve. 
7. Wi (mm): Threshold value of moisture content used in percolation calculation. 
8. a: Percentage of (W,,, - W) used in calculating percolation. 
9. B (m3ls): Baseflow. 
10. WO (mm): Average soil water content in the sub-catchment at the start of simulation 
period. 
11. C1, and C2 (mls): Velocity of wave along the sub-catchment slope and the channel inside 
the sub-catchment, respectively. 
12. DI, and D2 (m 2 Is) as Diffusitivity of wave along the sub-catchment slope and channel 
inside the sub-catchment, respectively. 
The width, I (km), and length, L (km), of the sub-catchment slopes (Figure 6.2) have to be 
measured and specified. 
Parameters 1- 10 are for the production function (water balance component), and the rest (11- 12) 
are for the transfer function. 
The calibration procedure was a non-automatic one and based on successive rational attempts 
and simulations. The preliminary model calibration was carried out using prior knowledge of the 
catchment as a basis for initial parameter estimates. The parameters were estimated by simulation 
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runs over the calibration period and a comparison of outputs with the observed runoff data was 
made. Where visual agreement between the historical and simulated output was unsatisfactory, 
the parameter values were modified and another run executed. To illustrate this further, the 
process for assessing the level of agreement here was as follows: 
First, the parameters which control the volume of runoff were adjusted. These are the parameters 
affecting the water balance component and the adjustment was performed if a significant 
volurnetric discrepancy was noted between the values of historic strearnflow and the 
corresponding simulated ones. Then the adjustment was made to the parameters that control the 
routing process to obtain the agreement between the peaks and, moreover, the shape of the 
hydrographs, particularly the recessions and base flow limbs. These routing parameters which 
affected the timing, shape, and the peak magnitudes did not influence the total runoff volume. 
Final adjustments were performed to achieve a good value for the employed objective function 
(see below). All the later adjustments were implemented in such a way that there was no 
significant negative effect on the previously reached agreement. 
Two calibration performance criteria were selected to provide objective measures of agreement 
between simulated and historical streamflow values. These were explained below: 
(1) The coefficient of determination (CD), analogous to model efficiency as proposed by Nash & 
Sutcliffe (1970) which is defined as follows: 
2 
CD=l- 
(Qhi - ýt h) 
Equation 6.14 
where: ei is the deviation between the historical and simulated values at each time-interval, and 
equal to Qhj - Qsj ; Qhj is the historical strearnflow value; Qsj is the simulated strearnflow value, 
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Ith is the mean of the historical values. CD ranges from - oo to +1 where the calibration is more 
efficient when CD is closer to one and, moreover, CD = +1 means complete agreement between 
historical and simulated values. A value of CD =0 implies that the simulated streamflow results 
are no better than using the mean of the observed discharge ph as a model. 
(2) The water balance percentage error (BE). 
PI 




A value of BE of zero means there is no strearnflow balance error. It may be a positive or a 
negative value. 
For the objective of this study, no further criterion, such as the simulation of flood peaks, was 
selected. This was due to, firstly, the difficulty encountered in increasing the number of criteria 
to be fulfilled and, secondly, the focus on water resources which places a major emphasis on 
preserving the water balance. 
The final optimal parameter values, which were obtained from the calibration procedure, are 
presented in Table 6.1. 
Table6l Final Estimates of theARNO parameters and their descriptions over the whole catchment (all 































175 65 0.0 0.26 0.1 0.0 0.45 3 145 0.0 0.1 100 104 55 
CHAPTER 6 RAINFALL RUNOFF MODELLING 160 
The final values for the model performance measures, CD and BE, are shown in Table 6.2. As an 
example, a graphical comparison of the observed and simulated values, for one wet year only, is 
presented in Figure 6.5. 
6.3.3 Model Validation 
In this stage, the process of simulating the flows for the second part of the available record, as 
explained earlier, is accomplished to judge the parameter estimates obtained in the calibration 
process. The CD and BE statistics and graphical plot of the observed versus simulated flows are 
used to evaluate the validation fit. For a satisfactory and robust calibration, the values of CD and 
BE obtained for the validation period should not differ significantly from those obtained during 
the calibration period. If this is not the case, it is apparent that the model structure and calibration 
process must be reappraised. 
The final parameter values resulting from the calibration process were fixed and then used to 
simulate the flows for the validation period. For this purpose, 18 years of data for the validation 
period (6570 daily data from day 2556 to day 9125, with the exclusion of February 29 in the leap 
years) were used. Table 6.2 also presents the values of CD and BE obtained for the validation 
period. As a sample graphical plot, the validation results for two dry years covering the 1975/76 
drought is furthennore illustrated in Figure 6.6. 
Table 62 Calibration and validation objective results 
Stage Period CD BE 
Calibration 1110151 - 30/9/58 (2555 days) 0.850 5.2 
Validation 1/10/58 - 30/09/76 (6570 days) 0.861 -0.8 
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Figure 6.6 Graphical representationfor validation resultsfor two dry years starting in 1974 
6.3.4 Discussions of the Results 
The values of CD obtained for the calibration period (0.850) suggests that good agreement has 
been obtained between the observed and simulated discharges. Moreover, the similarity of the 
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coefficients of detenninations for the calibration and validation periods (0.850 and 0.861, 
respectively) suggests that a robust calibration has been obtained. Furthermore, the graphical 
representation of the observed and simulated discharge values for both calibration and validation 
periods supports this conclusion. The period of validation included the severe drought observed 
in 1975/1976; the good agreement shown for this period in Figure 6.6 is very encouraging, and 
represents a particularly difficult validation test for the model. 
As seen in Figures 6.5 and 6.6, there is a significant baseflow component in the hydrograph 
which can be attributed to groundwater storage. In the calibrated ARNO model, there is no 
explicit representation of groundwater storage, but the high calibrated value of Wn, (175 mm: 
Table 6.1) can be regarded as an implicit representation of groundwater storage (i. e. W,,, 
represents the total amount of water stored in the soil and in groundwater which contributes to 
the catchment outflow). This overall representation of subsurface water storage is seen to be 
adequate for simulating the overall behaviour of the daily flow hydrograph throughout the year. 
The calibrated model has a significant amount of water percolating to deep groundwater, but this 
does not contribute to the outflow hydrograph at Eynsham, as there would then have been too 
much runoff. However, this model therefore does not achieve a closed water balance at Eynsham, 
and an alternative model calibration which achieves a closed water balance is presented later. 
Further validation tests were applied to the model which were relevant to its ultimate use within 
a stochastic streamflow generation framework. For this purpose, the mean, variance (VAR), lag 
one serial correlation (MACC) and skewness (SC) coefficients of the historic and simulated 
flows were compared for the following three aggregation levels: daily values, monthly average 
daily values, and annual average daily values. The results, including the coefficient of 
determination (CD), are presented in Table 6.3; the agreement between the statistics is generally 
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satisfactory, given sampling variability except for the simulated variances which are significantly 
lower than the historical values especially for the annual aggregation level. 
Table 63 The statistics of historical andARAIO simulatedflows for the validation 











LIACC SC CD 
daily 13.72 207.9 0.95 1.98 13.80 190.1 0.99 2.28 0.86 
monthly 13.79 149.8 0.67 1.29 13.86 136.6 0.63 1.59 0.93 
annual 13.72 24.98 -0.10 -0.18 13.80 18.8 0.10 -0.17 0.92 
Other than validation studies, some investigations were conducted to find out the source of the 
discrepancies between the simulated and historical annual variances. It was decided to perform a 
detailed study of the water balance components in the production function component of the 
ARNO model. Table 6.4 was set up to demonstrate various component values for the average 
annual values but for the whole historic period of 25 years, using the calibrated parameter values. 
The active components which contributed to soil moisture balance were the initial soil moisture 
amount, rainfall, surface runoff, actual evapotranspiration, drainage, percolation, and the final 
soil moisture amount (Equation 6.9). The runoff component, in Table 6.4, is composed of soil 
moisture surface runoff plus its drainage value. 
Table 6.4 Estimated average annual water balance component amounts(in millimetres) using calibrated 
parameter values of the ARNO model 
Rainfall Runoff Actual 
evapotranspiration 





737.7 269.74 350.40 118.19 -0.61 526.8 12.80 
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6.4 Revised Calibration Procedure 
6.4.1 Re-calibration and Validation Procedure and Results 
In order to resolve the concern about the significant model water loss, discussed earlier, 
consideration was then given to keeping it as small as possible (through the a parameter) and, 
therefore, it was decided to look for an alternative calibration (and possible adaptation) of the 
ARNO model. 
To adapt the ARNO catchment response model, a re-calibration trial was formulated to obtain 
simulated daily values. This trial had not only to confront the groundwater loss, which occurred 
through percolation, but also to fulfil a ftirther objective function such as an approximate zero 
discrepancy between the variances of historical and simulated strearnflow amounts 
corresponding to the annual aggregation of daily values. This new criterion might interfere 
somewhat with the coefficient of determination criterion which was used as an objective criterion 
in the original calibration procedure. 
Having established the above mentioned arrangements, firstly, it was decided to set the 
percolation parameter equal to about zero, and secondly, a sensitivity analysis was performed to 
detect which parameters have a crucial effect on the new criterion. Therefore, the calibration 
procedure was repeated to look for new optimal parameter values to fulfil (1) maximisation of 
the coefficient of determination at the daily level and (2) variance preservation at the annual 
level. It was discovered that Wm (maximum capacity of water storage in the catchment) and b 
(exponent coefficient used in catchment wetness determination) have a paramount role in model 
calibration. However, the role of (x, the percolation parameter, was an effective one in controlling 
the water balance to reach (1) an unbiased estimate for the simulated streamflow mean (i. e. to be 
the same as the observed mean) as well as (2) a physically acceptable Wm value. Having reduced 
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the percolation parameter, a, of 0.45 (see Table 6.1) to near zero, it was recognised that in order 
to re-calibrate for the above mentioned objective fimctions, Wm should be increased notably 
together with a decrease in the value of b. Changes in the other parameters, other than those 
indicated above, were found to play no role, or only a minor one. 
The optimal parameter values obtained from the recent calibration process, in the same manner 
as the original one, were used to validate the new parameters by running the model for the 
validation period. Table 6.6 lists the results for the calibration period, validation period, and the 
total period. These results (No. 2) can be compared with the former ones (No. 1) in Table 6.6, 
which repeats the results from Table 6.3. 
6.4.2 Discussion of the Results 
The results corresponding to the new optimal parameter values are shown in Table 6.6 (No. 2). 
They present a significant improvement in the model annual variance, even greater than the 
historic counterpart: 31.38 as opposed to 24.98. All the optimal parameter values were also 
considered physically meaningful, although the coefficient of determination obtained was not as 
good as for the original fitting procedure. However, the main concern in this trial was to find an 
appropriate optimal value for the Wm parameter when keeping the percolation parameter as low 
as possible. Because the mean accumulated maximum potential soil moisture deficit in the upper 
Thames, reported by Jarvis et al. (1984), is 200 millimetres over the years 1961-1975, and 
moreover, since previous experimental studies in the south and eastern part of England exhibit 
much lower values for the maximum soil moisture content than that obtained here, the value of 
620 millimetres for Wm in the region seemed to be high and out of the range of the possible 
values expected from previous studies of this region. In this respect, the original approach, No. 1, 
showed a much more realistic value for this parameter. Table 6.5 represents a revised version of 
CHAPTER 6 RAINFALL RUNOFF MODELLING 166 
Table 6.4 for the respective water balance components. It shows that the soil moisture and actual 
evapotranspiration values calculated at the annual level are much greater than their original 
counterparts in Table 6.4. 
Table 65 Estimated average annual water balance component amounts(in millimetres) using calibrated 
parameter values of the ARNO model 
Rainfall Runoff Actual 
evapotranspiration 





737.7 276.00 464.08 0 -2.36 526.8 11.46 
6.5 Modification of the Soil Moisture Module 
6.5.1 Introduction 
Following the previous discussion, if the percolation parameter is set to zero, the first reaction 
would be obtaining automatically too much runoff value. One way of trying to compensate for 
this is to increase the storage i. e. to increase W. . However, as mentioned earlier, this still does 
not solve the problem as shown in the results for No. 2 case, Table 6.6 (see discrepancies 
observed in the estimated means and variances as well as lower values for the coefficient of 
determination in both calibration and validation periods when compared with No. I case). 
Moreover, the water balance for both cases of No. I and No. 2 (Table 6.4 and Table 6.5, 
respectively) can be studied and compared. In this respect, the only way of reducing the runoff as 
well as keeping the W.. parameter at a physically realistic low value is by increasing the actual 
evapotranspiration using an alternative actual evapotranspiration module in the ARNO model. 
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6.5.2 Modification to Actual Evapotranspiration Component: Approach A]- 
ETI 
The role of actual evapotranspiration, AET, as a major component of the water balance, is very 
important; however, it is not easy to calculate. Its calculation depends on a number of factors 
including the soil type, the soil moisture content and vegetation. Referring to the discrepancies 
discussed earlier, it was considered that one of the reasons for these differences might be the 
poor calculation of actual evapotranspiration, which was modified as described below. 
Let Equation 6.5, for the estimation of actual evapotranspiration, be recalled as: 




where x=l- 1- 
W is the fraction of the pervious area at saturation. In order to increase W. 
-_ b 
the rate of AET here, which is a likely solution for the problem, it was felt that a modification in 
the above relationship between actual and potential evapotranspiration could be achieved by 
adding an exponent variable on WITVm in the equation 6.16. The updated version of Equation 
6.16 is as follows: 
AET=PE +(I-x) 
W 




Having added an extra parameter (ETI) as the exponent of the ratio between soil moisture 
content and its maximum capacity, the new equation together with its effect on actual 
evapotranspiration was studied by investigating the graphical representation of the relation 
between AETIPET and WIW,, firstly for a range of values for b (0.10-0.26) with ETI fixed as I 
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(i. e. using Equation 6.16); and then, for a range of values for ETI (with b fixed), using the 
modified equation (Equation 6.17). 
The results, presented in Figure 6.7, show a significant difference in the estimation of the ratio of 
the AET to PET, between the two equations concerned. It is apparent from this figure that the 
relationship between AETIPET and WlWm was almost linear for the range of b values valid for 
the ARNO model calibration in both original and re-calibration cases (see curves 2 and 1, 
respectively, in Figure 6.7). However, the relation between them is non-linear for b values 
greater than about 0.26 (0.50 and 1.50, as seen for the curves 3 and 4). But as with this range of b 
values (more than 0.26), a significant improvement in the model efficiency was not achieved; 
rather, it was reduced (the calibration results are not shown in Table 6-6). 
The graphical representation of the updated equation (6.17) is also shown in Figure 6.7 (see 
curves 5,6, and 7, where ETI is not equal to 1) for a constant value of e. g. b=0.14. There is also 
a non-linear relation between AETIPET and W1W but with a different pattern from the previous 
ones such as curves 3 and 4. However, using ETI as an extra parmneter in the calibration process 
provided a potential for improvements there in terms of obtaining both a realistic W. value as 
well as better values for the statistical characteristics of simulated runoff and the coefficient of 
determination (see e. g. the results for the case of No. 3 in Table 6.6). It is also clear from Figure 
6.7 that there is a significant difference between the two graphs when W1W.. was small (in the 
low flow periods) whereas the difference in these curves was less when WIW,,, was large (in the 
peak flow periods). 
This new calibration achieves a closed water balance, but in order to keep the total amount of 
runoff the same as in the previous calibration, the actual evapotranspiration has been increased to 
balance the significant deep groundwater percolation tenn in the previous calibration. 
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Figure 67 Analysis ofcalculation ofactual evapotranspiration in the adapted ARNO model 
Having calibrated the adapted ARNO model using the new actual evapotranspiration component 
with an extra parameter, it was noticed that with this small change, the unrealistic value for W,, 
obtained previously was reduced to a realistic value (from 620 to 220 millimetres). Also, the 
efficiency for the same calibration period as used before was improved from 0.67 to 0.77 and for 
the same validation period it was improved from 0.80 to 0.82. The significant difference in the 
shape of curves, shown in Figure 6.7, between No. 3 and No. 5, or between No. 4 and No. 6, 
indicates that an acceptable fit could only be achieved by increasing the model amount of actual 
evapotranspiration, particularly in lower catchment wetness conditions. That is, during the 
periods when the soil moisture was low, such as in summer, AET rates were increased and runoff 
decreased. The results are as well presented in Table 6.6 (case No. 3). 
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6.5.3 Modification to Actual Evapotranspiration Component: Approach A]- 
wl 
Following the investigations described in the previous section, the cause of the problem in the 
original ARNO model was identified as the fact that the ratio of AET to PET decreased linearly 
with water content until saturation was reached. This linearity is consistent with low values of 
the parameter b as stated earlier. To explain further, it was considered that by increasing 
AETIPET for high values of W17V,,, , it would be possible to 
increase the model values of actual 
evapotranspiration under wet conditions in the study catchment. Moreover, it was felt that it 
might be possible to get an even better model fit to the catchment by replacing the 
evapotranspiration function with an empirical function such as that seen in Figure 6.8. As can be 
seen, for values of W greater than a threshold value of WI, the actual evapotranspiration is at its 
potential rate while for values smaller than WI, actual evapotranspiration is assured to decrease 
linearly as a function of the remaining soil moisture. This new relationship reduced the relatively 
high overestimated peak streamflow values too. The new experimental equations are as follows: 
AET 
=1 if W ý: wl PET 
and Equation 618 
AET__( W 
PET U( IF. 
) 
if W< Wl 
Various values of WI were explored in the simulations and the value of WI giving the highest R2 
was found to be about WI= 0.11 W.. (case No. 4, Table 6.6). This indicates that 
evapotranspiration will occur at the potential rate until most of the soil moisture has been 
depleted. 
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As can be seen in Table 6.6, efficiency has increased to 0.86 for the calibration period and to 
0.83 for the validation period, which was considered to be a significant improvement in the 
model fit. 
Figure 68 The graph used for the calculation of actual evapotranspiration in the ARNO model 
(Approach A I- WI) 
6.6 The ARNO Model with a Bank-Storage Component 
The ARNO model, although developed originally to model the surface water runoff of the river 
Amo, can be adapted to model catchments which have a significant contribution of groundwater 
to their strearnflow values. This has been achieved through the addition of a bank storage 
component (Adams et al., 1995) which takes into account sub-surface flow from storage near to 
the river bank but not from overall aquifer storage. Therefore, the results of using this component 
are not expected to be significantly different from that obtained from the previous calibration 
procedure. 
Empirical equations have been used to derive the hydraulic head in the channel from the 
predicted strearnflow values and to calculate the change in the groundwater storage in the 
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adjacent stream bank. This groundwater is usually routed to the outlet separately from the surface 
runoff (using only Equation 6.12 and not Equation 6.11) where they are combined to calculate 
the total discharge from the catchment. Since here there is no more than one sub-catchment 
defined for the ARNO model, using Equation 6.12 does not, however, change the results and it is 
therefore redundant. 
6.6.1 Bank-Storage Component 
As explained earlier, the percolation flow in the original ARNO model was lost and did not 
contribute to flow at the catchment outlet. Rather, this adaptation considers the percolation to be 
routed to the outlet, by applying Equation 6.11, through a bank-storage zone (so a stream-bank 
component). The equations which explain the relationship between the stream bank and the 
channel heads are described in Adams et al. (1995). 
The direction of flow which occurs between the channel and the bank depends on the relative 
heads in the bank and the channel. The heads of water in the channel and in the bank store 




HB = H130 + 
(QS - QB)6T Equation 620 
2LcWBil 
where Hc= channel head (m), n-- Manning roughness coefficient, Qc= flow in channel (m 3 /S), 
So= slope of channel bed, Wc= channel width (m), HB= bank head (m), H130= bank head at 
previous time-interval, or initial head (m), Qs= percolation flow from soil zone WIS), QB= bank 
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to channel flow (ni 3 Is), AT= time-interval (s), LC= length of main channel (in), WB= width of 
bank zone (m), and il= porosity of bank zone. 
The former equation is an approximation to the Manning equation for rectangular channels with 
a high ratio of channel width to channel depth. The latter equation uses a storage equation for 
each time interval. Moreover, the flow between bank and channel is given by Darcy's law in 




Lc (Hc2 - HB' Equation 6.21 
2 WB 
with KB defined as the permeability of the bank zone (m/s). 
A2-ETI and A2-W1 are, respectively, the ARNO model version AI-ETI and Al-WI with the 
bank storage component included. The corresponding calibration and validation results as well as 
the simulated statistical characteristics are also shown in Table 6.6, cases No. 5 and No. 6, 
respectively. Their results represent very good agreement with the historic values, especially for 
dry periods, in terms of both visual (not shown) and objective comparisons. 
6.7 Appraisal of Runoff Routing Component 
A number of trials were also performed to check if any further improvement can be reached by 
altering the runoff routing components used in the adapted ARNO model. In this regard, a single 
linear reservoir (SLR) module was employed as a possible alternative approach to the existing 
routing procedure explained in section 6.2. 
The single linear reservoir approach has been widely used for runoff routing in conceptual 
rainfall-runoff models. It is a conceptual reservoir in which the outflow Q is directly proportional 
to the storage S or 
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S=KQ Equation 622 
where K is the storage coefficient with the dimension of time, the average delay time imposed on 
the inflow by the reservoir. The difference between inflow I and outflow Q is the rate of change 




Having substituted Equation 6.22 in Equation 6.23, the following equation is obtained: 
=K 
dQ 
Equation 624 dt 
the solution of which is: 
e-11K ) Equation 6.25 
The linear reservoir routing procedure is characterised by the above equation as well as an 
instantaneous unit hydrograph such as the following: 
u(t) = (11K)e -IJK Equation 6.26 
For successive time-intervals t and t+At with the corresponding runoff volumes 1, and Ij+Aj, 
respectively, the following equation is obtained: 
Q, At = Q, e 




Having used the single linear reservoir concept, three approaches were employed as follows: 
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Approaches A I-ETI-SLR and A I-WI-SLR 
In order to incorporate the single linear reservoir module as the routing function of the adapted 
ARNO model, the AI-ET1 model version was employed to test the module. Having performed 
the appropriate coding in the adapted ARNO model and implemented the calibration and 
validation procedures, the corresponding results are shown in Table 6.6, case No 7. The results 
did not exhibit any improvement; rather, a reduction in the coefficient of determination is 
observed. A similar approach was also performed using approach A]-WI which employed the 
procedure explained in Section 6.5.3. The efficiency in calibration procedure was less than 0.79, 
although better than using the A]-ETI version, and therefore, was not considered a satisfactory 
fitting procedure either (not shown in Table 6.6). 
Approach Al-ET1-2LR 
This approach uses the same routing procedure as the previous approach except that two linear 
reservoirs were used in series. This is a special case of a conceptual model consisting of a 
cascade of n (here equal to 2) linear reservoirs, each having the same storage coefficient K as 
formulated by Nash (1957). Assuming an instantaneous unit input into the initial reservoir, the 
outflow from this reservoir (developed as Equation 6.26) may in turn be considered as the input 
to the second reservoir. 
Having added the appropriate coding to the adapted ARNO model and performed the calibration 
procedure, the calibration efficiency factor reached 0.73 which was not considered an appropriate 
fit to the historic strearnflow data (not shown in Table 6.6). 
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Approach A2-ET1-SLR(p) 
As a further step, the version of the ARNO model incorporating bank-storage relationship, 
explained in Section 6.6, was employed using the procedure described in approach AI-ETI-SLR 
above but as two parallel routing reservoirs. The results of the calibration and validation 
procedure are presented in Table 6.6, No. 8, and though encouraging, are not as good as what 
was obtained in Section 6.5.3 (Al-Wl). 
6.8 Summary and Concluding Remarks 
The adapted ARNO model adopts a conceptual semi-distributed approach to modelling in- 
stream flows at a catchment scale. The resulting model output reflects the semi-aggregated 
behaviour of the catchment rather than its complete spatial (100% distribution) and lumped (0% 
distribution) response. 
Generally, the catchment is divided into sub-catchments, and the model can be individually 
calibrated against the flows at the outlet of each sub-catchment. Surface water is produced by 
saturation excess and is routed to the sub-catchment outlet separately from interflow and 
percolation flows. Flows are then routed through downstream sub-catchments to the lowest point 
in the catchment. However, in this study, the catchment was not justified to be divided into sub- 
catchments. 
The core of the model is a soil moisture accounting procedure (a semi-distributed one) with 
semi-analytical techniques to solve the flow routing equations. A manual calibration procedure 
has been employed to obtain estimates for the model parameters as starting values, in order to 
obtain the optimal (final) parameter ones through a non-automatic optimisation procedure against 
the historic strearnflow values. 
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Table 66 Statistical, calibration and validation results for historic and ARATO values at daily (D), 
monthly (M), and annual (A) levels 
Modelling Optimal parameter values Statistical characteristics CD' & periods 
No His/ARNO W. b (x D Wo ETI Wl kI k2 Mean VAR LIACC SC ca12 va13 total 1! 
approach 
I I I 
n? /s (n? /S)2 
Historic - - - - - - - - - 13.72 207.9 0.95 1.98 D 
13.79 149.8 0.67 1.29 M 
13.72 24.98 -. 10 -. 18 A 
1 . 41 175 . 26 . 45 . 10 145 - - - - 13.80 
190.1 0.99 2.28 0.85 0.86 0.86 D 
13.86 136.6 0.63 1.59 0.93 0.93 0.93 M 
13.80 18.83 0.10 -. 17 0.85 0.93 0.92 A 
2 . 41-RE 620 . 10 0.0 . 12 450 - - - - 
14.13 243.3 0.99 2.35 0.67 . 080 0.79 D 
14.21 179.7 0.68 1.70 0.73 0.88 0.85 M 
14.13 31.38 -. 07 0.05 0.67 0.94 0.911 A1 
3 .41 -ETI 220 . 35 0.0 . 10 90 . 25 - - - 13.89 206.1 
0.99 2.17 0.77 0.82 0.82 D 
13.97 152.4 0.69 1.57 0.81 0.90 0.88 M 
13.89 28.37 . 001 -. 03 0.83 0.97 0.95 A 
4 A]-W] 180 . 45 0.0 . 10 130 - 20 - - 
13.74 212.9 0.99 2.04 0.86 0.83 0.84 D 
13.82 160.9 0.68 1.46 0.91 0.90 0.90 M 
13.74 25.63 1 0.03 -. 01 10.8 0.93 0.93 A 
5 . 42-ETI 190 . 25 0.0 . 10 150 . 15 - - - 
13.83 223.4 0.99 1.96 0.84 0.82 0.83 D 
13.92 184.7 0.71 1.53 0.90 0.89 0.89 M 
1 13.83 130.42 -. 03 1 -. 05 0.87 10.95 10.95 A 
6 A2-WI 175 . 40 0.0 . 10 130 20 13.80 205.5 
0.99 1.95 0.86 0.84 0.84 D 
13.88 162.7 0.71 1.47 0.91 0.90 0.90 M 
13.80 26.07 0.02 -. 01 0.80 0.93 0.94 A 
7 A]-ETI-SLR 210 . 25 0.0 . 10 100 . 25 - 
17 - 14.00 214.1 0.99 1.90 0.75 0.79 0.80 D 
14.08 180.2 0.72 1.56 0.82 0.88 0.88 M 
14.00 30.07 1 -. 03 -. 08 0.82 10.95 0.95 1A 
8 A2-ETI- 200 . 32 0.0 . 15 140 . 15 - 10 95 13.70 211.1 0.98 2.14 0.83 0.81 
0.82 D 
SLR(p) 13.77 164.3 0.67 1.62 0.92 0.91 0.91 M 
13.70 27.89 0.01 F* 03 1 0.90 0.96 1 0.95 A 
I Coefficient of determination 2 Calibration period 3 Validation period 4 Aggregation levels in daily, mean monthly, and mean annual flow (D, M, and A, respectively) 
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The following steps were taken to fulfil the objective of this chapter, which was to adopt a 
rainfall-runoff modelling approach to transform generated daily rainfall values (and other climate 
variables) to daily runoff series: 
1. The adapted ARNO model was calibrated and validated using the efficiency criteria 
chosen. However, the value of the parameter responsible for percolation to deep 
groundwater was considered high according to the physical information which already 
existed. 
2. An alternative calibration procedure was performed to obtain a realistic value for the 
percolation parameter (a), close to zero, to overcome the above problem. In calibrating 
this version, efforts were made to reproduce the variance of the annual values during the 
calibration process. However, a large value of W.. was obtained which resulted in too 
much runoff. To coffect for this, the actual evapotranspiration was increased by 
modifying the calculation of actual evapotranspiration within the ARNO model and then 
a more realistic value of W.. obtained. 
The results of the various approaches employed are summarised in Table 6.6. The best adapted 
ARNO model version studied is that explained in Section 6.6 (approach: A2-WI) which 
incorporated a bank-storage component. However, the version AI-WI, which excludes this 
component, was selected (due to comparable results and fewer parameters) as a proper candidate 
for further applications in assessing land-use and climate change impacts on strearnflow. 
Incorporation of a bank-storage component into the ARNO model did not lead to a significant 
improvement in results, as this does not represent large scale aquifer storage within the 
catchment. 
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CHAPTER 7 
7. SYNTHETic DAILY STREAMELow GENERATION 
AND VALIDATION 
7.1 Introduction 
The aim here is twofold: firstly, to generate strearnflow data using various rainfall and rainfall 
runoff modelling schemes, secondly, to outline the validation methodology and then to apply the 
methodology to the generated strearnflow series. The validation procedure, which is about 
assessing performance, is used to ensure the overall adequacy of the approach to streamflow 
generation for the intended purpose which is assessed here primarily through the study of 
storage-yield and low flow characteristics and measures. 
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7.2 Streamflow Generation Procedure 
7.2.1 Overall Approach to Streamflow Generation 
One hundred simulated series of twenty-five years of daily strearnflow data were generated for 
the outlet of the study catchment, using: 
1. one-hundred generated rainfall sequences, based on various schemes described in Chapter 
4, as the key input, 
2. one-hundred generated potential evapotranspiration sequences, validated in Chapter 5 as 
the second input variable to the catchment system model, and 
3. the modified ARNO catchment model, denoted as Al-Wl, which was validated in 
Chapter 6. 
The daily rainfall and potential evapotranspiration series were fed into the modified ARNO 
catchment response model to produce daily strearnflow sequences. The layout of the final overall 
approach employed for strearnflow data generation is shown in Figure 7.1. 
INPUTS SYSTEM OUTPUT 




PET Model (Chapter 6) Data 
(Chapter 5) 
Figure 7.1 Final approach selectedfor stochastic generation ofdaily streamflow values 
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The results can be displayed in various ways, graphically and/or statistically, before proceeding 
to validate them against the historic gauged streamflow data. In this section, just the basic 
statistics such as mean, variance, lag-I autocorrelation coefficient, and skewness coefficient were 
employed to describe the characteristics of both historic and generated daily streamflow values. 
In this regard, the results are calculated and shown using the same methods as employed in 
Chapters 4,5 and 6. 
7.2.2 Presentation of the Results 
7.2-2.1 Employing the Original Rainfall Modelling Scheme 
Table 7.1 presents the results in terms of basic statistics such as the mean, variance, lag-one 
autocorrelation coefficient (MACC), and skewness coefficient (SC) for daily, monthly, and 
annual flow values. At the daily and monthly levels, the historic statistics are reproduced 
satisfactorily, although there is a slight underestimation of the variance at the daily level. This 
underestimation together with very slight underestimation of the variance at the monthly level 
reflect the corresponding underestimations of the rainfall variances observed in Chapter 4 (Table 
4.4). However, at the annual level, the underestimation of the variance becomes more 
pronounced. 
7. ZZ2 Employing the Modified Rainfall Modelling Schemes 
Results for the various rainfall modelling schemes described in Chapter 4 (scheme 2 and 
schemes 4-7) are presented in Table 7.2. The corresponding values for historic, ARNO model, 
and the original scheme are also shown in this table for comparison purposes. The following 
comments can be made on the results when compared to those for the original scheme: 
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Table 7.1 Comparison of basic statistical characteristics of historic, ARNOfitted, and the corresponding 
100 sequences of generated values of streamflow data for daily, mean monthly and annual 
aggregation levels. 
Serial level Data type Mean (m%) Variance (m 
3 /s) 2 LIACC SC 
Historic 13.72 207.87 0.95 1.98 
daily ARNO 13.80 205.50 0.99 1.95 
generated: mean (var) 13.29 (0.76) 188.68 (635.82) 0.99 (0.000) 2.09(0.08) 
Historic 13.79 149.81 0.67 1.29 
monthly ARNO 13.88 162.70 0.70 1.47 
generated: mean (var) 13.37 (0.77) 147.23 (399.78) 0.70 (0.001) 1.48(0.05) 
Historic 13.72 24.98 -0.10 -0.18 
annual ARNO 13.80 26.10 0.02 -0.01 
generated: mean (var) 13.29 (0.76) 19.68 (26.66) -0.01(0.042) 0.28(0.23) 
For scheme 2: The results demonstrate virtually no differences with the original scheme for all 
statistics for all aggregation levels. 
For scheme 4: There is an improvement in some of the statistics except for a slight 
overestimation of the monthly variance, as well as daily and monthly skewness coefficients. 
For scheme 5: Except for a slight improvement in the means, this scheme does not show any 
superiority over scheme 4. 
For scheme 6: Overall, the results are not better than Scheme 4. 
For scheme 7: The annual variance is better than all the above schemes. However, the mean 
values are virtually the same as the original scheme and scheme 2. 
7.2.3 Discussion and Conclusion 
In deciding which rainfall scheme to be chosen and used for the next stages of this study, a 
comparison was made between the generated streamflow values using various rainfall schemes. 
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Table 7.2 Basic statistical values of historical, ARNO model daily data, together with statistical 
characteristics of corresponding values for 100 generated streaniflow series, at daily, 
monthly, and annual level, for various rainfall schemes in Chapter 4 and using the modified 
ARNO modeL 
Type of data Rainfall Basic statistics Aggregation 
and statistics scheme Mean / mm Var / 
(mm) 2 LIACC SC level 
13.72 207.9 0.95 1.98 daily 
Historic 13.79 149.8 0.67 1.29 monthly 
13.72 24.98 -0.10 -0.18 annual 
13.80 205.50 0.99 1.95 daily 
ARNO model 13.88 162.70 0.70 1.47 monthly 
13.80 26.10 0.02 
f 
-0.01 annual 
Original 13.29(0.76) 188.68(635.82) 0.99(0.000) 2.09(0.08) daily 
scheme 13.37(0.77) 147.23(399.78) 0.70(0.001) 1.48(0.05) monthly 
13.29(0.76) 19.68(26.66) -0.01(0.042) 0.28(0.23) annual 
13.26(0.77) 193.8 (783.0) 0.99(0.000) 2.09(0.05) daily 
Scheme 2 13.35(0.78) 151.3 (514.6) 0.69(0.001) 1.48(0.04) monthly 
13.26(0.77) 19.10 (27.93) 0.00(0.035) 0.30(0.19) annual 
Generated 13.48(0.97) 209.69 (921.40) 0.98(0.000) 2.24(0.07) daily 
sequences: Scheme 4 13.56(0.99) 158.18 (568.99) 0.67(0.001) 1.53(0.05) monthly 
mean (var) 13.48(0.97) 20.55 (34.11) 0.00(0.038) 0.19(0.19) annual 
13.61(0.77) 211.20 (936.70) 0.98(0.000) 2.25(0.06) daily 
Scheme 5 13.69(0.78) 158.60 (554.10) 0.66(0.001) 1.55(0.05) monthly 
13.61(0.77) 20.49 (31.72) 0.03(0.036) 0.18(0.16) annual 
13.02(l. 32) 202.77 (1381.40) 0.98(0.000) 2.40(0.11) daily 
Scheme 6 13.09(l. 33) 152.81 (758.81) 0.66(0.001) 1.66(0.08) monthly 
13.02(l. 32) 20.30 (36.62) 0.16(0.031) 0.30(0.17) annual 
13.25(l. 49) 212.60 (1757.70) 0.98(0.000) 2.39(0.09) daily 
Scheme 7 13.32(l. 49) 159.50 (1001.3) 0.66(0.001) 1.66(0.08) monthly 
13.25(l. 49) 22.22 (53.44) 0.14(0.040) 0.29(0.18) annual 
No improvement was observed for scheme 2 over the original scheme. Therefore, the advantage 
of original scheme over scheme 2 is obvious when it has the potential to do better in preserving 
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the statistics of low flow periods because of the use of PWW and PDD in the rainfall model 
fitting procedure. Schemes 4 and 5 result in an overestimation of the monthly variance, but the 
annual variance is still underestimated. Scheme 6 achieves a better preservation of the monthly 
variance, while scheme 7 achieves a better result for the annual variance, but the monthly 
variance is overestimated. Overall, as a consequence of the above discussion, the original rainfall 
modelling scheme (explained in Chapter 4) was chosen for ftirther work in this chapter. The 
advantage of this scheme over others, such as the employed monthly and annual preservation 
schemes (schemes 4-7 in Chapter 4), is also the ability for straightforward incorporation of 
climate change impacts which is studied in Chapter 9. 
The results obtained from the model validation exercise (strearnflow validation in Section 7.4) 
are, moreover, used in conjunction with the results obtained here to assess the performance of the 
selected approach, Figure 7.1, using the original rainfall modelling scheme. 
7.3 Methodology for Validation of Streamflow Generation 
Procedure 
7.3.1 Introduction 
Fishman & Kiviat (1968) defined the validation approach as testing whether a simulation model 
approximates a real system. Schlesinger et al. (1979), as quoted in Stedinger & Taylor (1982), 
state that the validation approach concerns the quality of the match of the simulated and real 
data, with some interpretation of the appropriateness of the data for validation purposes. 
The quality of statistical resemblance between generated and observed data has also been 
discussed in the literature. The problem mainly arises due to the inherent uncertainty present in 
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hydrologic samples because of the prevalence of short records in hydrology. Therefore, the 
successful application of a synthetic approach is critically dependent on the ability of the model 
to reproduce those flow properties which govern system reliability; for example the satisfactory 
reproduction of the storage-yield relationships of the generated sequences as compared to those 
of the historic ones (see e. g. Pegram et al. (1980)). 
Another argument in streamflow modelling has centred around what estimates from the historical 
series should be reproduced in synthetic sequences. On the whole, hydrologists have agreed on 
the necessity for reproducing statistics such as the mean, variance and sometimes skewness 
coefficient, as well as the first serial correlation coefficient as a measure of short-term persistence 
in the time series. The preservation and reproduction of statistics that represent the extreme 
values (flood or low flow values), and long-term persistence, has always been a major concern. 
However, the explicit preservation of these properties is not easy to achieve, and so their 
reproduction is frequently assessed through a process of model validation. In the context of water 
resources, the frequency and magnitude of high or low values (extreme events) has been 
represented through the analysis of crossing properties such as run-length and run-sum statistics. 
Schlesinger et al. (1979) have pointed out that model validation is an additional and difficult task 
which compares simulation results with real system data to demonstrate that the model is an 
adequate description of the real world for the intended investigation. McMahon & Mein (1986) 
postulated that it is not an easy task to model adequately all the characteristics of a time series. 
They concluded that, before a simulated streamflow sequence is accepted (or rejected on the 
basis of a validation test), it is necessary to consider both the purpose for which the data is to be 
used and the characteristics of the water supply system under study. 
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7.3.2 Validation Methods 
For the various validation tests employed here, synthetic sequences of the same length as the 
historic record were used, which eliminated any variation in parameter estimates due to the 
length of data record. Generally, the number of synthetic sequences to be used should vary with 
streamflow variability as stated by McMahon & Mein (1986). Although they recommended that 
generally 25 was sufficient, in this study the number of sequences of synthetic strearnflow data to 
be used was taken as 100, which was already taken for the generation of synthetic rainfall data as 
the key input (Chapter 4) to the catchment system model to reflect the variability. The selection 
of such a long period might enable the user to study generated strearnflow data in a broader 
spectrum of possible streamflow variabilities without demanding significant additional efforts. 
The approach adopted to the generation of synthetic strearnflow data does not explicitly 
guarantee the preservation of statistics such as the mean, variance, skewness and lag-one 
autocorrelation coefficient of the daily streamflow data. Although these properties are by and 
large preserved by the Neyman-Scott Rectangular Pulses model in the generated daily rainfall 
data, the transformation of the daily rainfall into runoff data may introduce some errors which 
could lead to the non-preservation of the equivalent daily strearnflow statistics. However, given 
that a satisfactory calibration and validation of the rainfall-runoff model was achieved in Chapter 
6, it was hoped that the preservation of the strearnflow statistics would be satisfactory. 
Two types of test have been used here to validate the generated streamflow data. The first set of 
tests (Stage 1) is designed to assess whether the basic statistics of the daily streamflow data have 
been preserved; preservation of the higher levels of aggregation (monthly, annual) have also been 
checked. Failure to preserve basic statistics would derive from (a) the rainfall model or (b) the 
rainfall-runoff model or (c) the combination of both. Comparison between the basic statistics 
may also be used: 
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1. to check all the procedures involved in the overall generation approach of streamflow 
data (Figure 7.1) in terms of probable errors, which might have occurred in various parts 
of the data handling and program manipulations, and/or 
2. to search for logical explanations of discrepancies which might have come from the 
models' structures or calibration approaches in the whole procedure. 
The second type of test employed (Stage 2) is designed to ensure the appropriateness of the 
generated data for its intended application i. e. the so called 'fitness for purpose'. Since the aim of 
the stochastic modelling approach is usually for the planning and operation of water storage 
systems, several tests can be carried out based on storage-yield assessment and runs and crossing 
properties. Some of the assessment investigations proposed and performed in the literature, 
among others, are summarised as: 
1. proportion of time (over the whole period of historic data) when the flow is less than 
specified levels (Cowpertwait & O'Connell, 1992); 
2. maximum daily flow for each year; these maxima may then be ordered and plotted 
against the standard Gumbel variate (Cowpertwait & O'Connell, 1992); 
3. flow duration and frequency curves (McMahon & Mein, 1986); 
4. comparison of the distributions of minimum n-month sums (called: Minimum Flow 
Approach); values of n may range from 6 onward, that is, the lowest (rank 1) flow for 
various consecutive durations of monthly time intervals (e. g. 6,12,18, ... months) is 
chosen; the plot of this flow volume against the corresponding duration on log or 
arithmetic graph paper can be used for this purpose (Pegram et al., 1980); 
5. a number of time series plots of simulated streamflow series for visual comparison with 
observed ones; this can be studied to assess how well the model preserves the physical 
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appearances of the historical characteristics; e. g. peaks and recessions, as the most 
prominent features of daily streamflow data (Weiss, 1977); 
6. in addition to flow duration curve consideration, aspects such as yield and reliability of a 
system can be considered (Kottegoda, 1970); regarding the storage-related statistics, the 
maximum deficit, corresponding to a specific yield, may also be used as an indication of 
storage-capacity (Klemes et al., 1981). 
7. crossing properties (run-lengths and run-sums) for various threshold levels, called 
crossing levels, with the selection of crossing level as a crucial decision; for example, the 
mean of the data might be selected as xO, but in general xO is taken to be proportional to 
the standard deviation of the data (Yevjevich, 1967) i. e. xO = ýt + cc xa (where the mean 
g is estimated by Y, the standard deviation cr is estimated by s, and a is an elective 
value). The parameter cc determines how much xO deviates from the mean in terms of the 
standard deviation. One might select a= -0.2, or x0 =Y-0.2 x s, if this represents the 
level of water availability when restrictions on supply are imposed. The selection of xo 
may be changed with time as the demand for water and water use changes in a region 
with time. 
It should be also be noted that some of these characteristics are interdependent. For high drafts, 
moreover, the storage capacity and coefficient of variation are highly correlated (McMahon & 
Mein, 1986). 
Having discussed the various tests from the literature, the Stage 2 validation tests used in this 
study were based on a number of techniques, which are a way of characterising the pattern of 
streamflow values in the context of low flow analysis. The characteristics of such techniques are 
generally based on the comparison of storage-related statistics from the historic and generated 
sequences. The flow duration curve technique is, moreover, considered a very important and 
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useful validation test for hydrologic applications. These tests all employ the daily level data 
which is pertinent to this study. The validation approaches that utilise only a frequency analysis 
of high or low flows, rather than all the data values, are not considered within this study. Finally, 
the tests employed and used are as follows: 
1. flow duration curve, 
2. distribution of minimum n-day run sums (n varies from 1 to 1000 days), and 
3. storage-yield relationship. 
Comparisons between the historic and synthetic data have also been aided through the use of the 
box-plot described in Chapter 4 in order to check the seasonal variations of the statistics 
employed in the validation methods. 
7.4 Streamflow Validation 
7.4.1 Stage 1: Basic Validation Performance and Results 
To fulfil the Stage 1 pprformance assessment, as complementary to the results explained earlier 
in Section 7.2.2.1 in the context of Table 7.1, comparisons between the three statistics of mean, 
variance, and lag-one autocorrelation coefficient of synthesised daily streamflow sequences and 
the historic counterparts were made on a monthly basis. Box-plot graphs, which were already 
employed in Chapter 4, are used here to check if the seasonal properties of daily strearnflow were 
reproduced well. Figure 7.2-7.4 show that the seasonal means, variances, and the lag-I 
autocorrelation coefficients are fairly well reproduced, except for some underestimation of the 
means and variances in October, November, and December which might be due to the 
underestimation of the corresponding months in generated rainfall (see, respectively, Figure 4.3 
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for means and Figure 4.7 for variances in Chapter 4). These figures show that these 
underestimations might also have come partly from the adopted ARNO model (see e. g. for the 
month of October). In this respect, the overestimations in April and May are, however, not due to 
rainfall modelling but mainly to discrepancies caused by the adopted ARNO model. These 
underestimations in variance (Figure 7.3) can also be held responsible for the underestimation in 
annual variance identified in Table 7.1. 
Regarding Figure 7.4, there are some overestimations in December, January, June, and July. For 
December and January, this could be due to ARNO model, although for December the role of 
rainfall modelling cannot be ignored too (see Figure 4.8 in Chapter 4). Moreover, some 
underestimations in April, May, and August have been introduced. These have probably been 
caused by the ARNO model, without ignoring the significant role of the rainfall modelling for 
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Figure Z2 Box-plot representation ofmonthly meansfor 100 synthesised sequences ofdaily streamflow 
CHAPTER 7 SYNTHETIC DAILY STREAMFLOW GENERATION 191 









.«Y --r- ---r 55 Eýý 
3 hEýý 
2T NOV nýr JZN FiR MIR AýR MAY JUN 
Figure 7.3 Box-plot representation o monthly variances for 100 synthesised sequences of daily !f 
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Figure 7.4 Box-plot representation of monthly lag-. 1 autocorrelation coefflicients for 100 synthesised 
sequences ofdaily streamflow 
7.4.2 Stage 2: Further Validation Performances and Results 
As explained earlier, the validation of synthetic strearnflow data for use in water resources 
applications should involve comparisons between statistics either not used in model building or 
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related to 'fitness for purpose'. This stage was performed to check if the selected overall approach 
(Figure 7.1) works adequately. 
7.4. Zl Flow Duration Curves 
Flow duration curves portray the flow characteristics of a stream under natural or regulated 
conditions. These curves display the relationship between streamflow and the percentage of time 
that the specified discharge rates were equalled or exceeded during the period of record. The 
strearnflow analysed are normally flows over some period of time or duration (e. g. one day, one 
week, etc. ) depending on the time interval of the available data as well as the intended use of the 
duration curves. The advantage of using daily curves over weekly or monthly ones is that they 
show more detailed data variation, e. g. both the high and low extremes. In the water industry, 
they have been used for various purposes including yield assessment for pumped storage and 
regulating reservoirs, for evaluating the feasibility of hydropower stations, and for water quality 
management. These curves, at the high flow end, can give an indication of the duration of over- 
bank flows. At the lower end, the values of 90,95,96, and 99% have been used as measures of a 
stream's low flow potential and, especially, the 90% value has been used as a measure of 
groundwater contribution to strearnflow which further might be used to evaluate the potential of 
hydro-power (run-of-the-river) projects (McMahon & Mein, 1986). The 95% value is also 
frequently used as a low flow characteristic. 
As a simple graphical assessment, the flow duration curves of both the historic daily values and 
the mean daily values of 100 generated sequences have been compared in Figure 7.5. Table 7.3, 
moreover, gives some summary data comparing the statistics from flow duration curves for the 
generated and historic discharges. The numbers define the flows which are exceeded for 95,90, 
50,30,10, and 2% of the time. For example, the comparison demonstrates that, for 90% of the 
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time, the historic daily flow is above 2.28 m 3/S (about 17% of MAF). That is, in a period of one 
3 
year, about 329 days (0.9x365) will on average be above 2.28 mA and 36 days below. This flow 
value is also called the daily Q90. The corresponding amount for the generated sequences of 
strearnflow is 1.55 m 3/S (about 11 % of MAF), an indication of less groundwater contribution to 
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Figure 7.5 Flow duration curves for both the mean of 100 generated daily streamflow sequences (in 
M3 Is), and historical sequences. 
Table 7.3 Flow duration statistics for % of time exceeded; a comparison between historic and median 
values ofthe generated sequences in (m 3 /S). 
% Exceeded 95 90 50 30 10 2 
Sequence his Sim his Sim his Sim his Sim his sim his Sim 
Value (rn%) 1.64 0.97 2.28 1.55 8.41 8.83 15.75 15.36 31.75 31.06 61.95 54.21 
Further and more detailed comparisons of the flow duration curves are afforded through the box- 
plot representations of Figure 7.6 and Figure 7.7. These figures generally display fairly good 
agreement and, therefore, show acceptable reproduction of the flow characteristics by the 
approach adopted. However, there is a tendency for the generated values to slightly 
underestimate flows in the range of 35.0- 65.0 m3A as well as the low flow values smaller than 
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4.00 m3A as indicated earlier. It is also noticeable that the peak flows are overestimated but this 
was not considered to be important for the present study. 
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Figure Z6A box-plot representation comparing historic and 100 simulated flow duration curves for 
specified values (in m3ls) of daily streaniflow. 
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Figure 7.7 A box-plot representation comparing historic and 100 simulated flow duration curves for 
specified values (in m3 Is) of daily streamflow (extendedfor the range of 45.0-80.0 m3 Is shown 
in Figure 7.6). 
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7.4.2.2 Minimum n-day Run Sums 
A minimum run-sums (cumulative low flows) scheme for periods of various lengths is 
considered to be a useful means to assess the critical low flow characteristics. Figure 7.8 presents 
a box-plot representation of minimum n-day run sums of various durations between n=1 day 
and n= 1000 days occurring in 25-year long sequences of daily values. The results have been 
computed and plotted as logarithmic values because of their range. Figure 7.8 shows that, for the 
range of I to about 50 days, there is a consistent tendency for the historic values to lie in the 
upper tails of the generated minimum run-sums distributions, which implies that the minimum 
run sums in the synthetic sequences are consistently more severe than the historic values, while, 
for the values around 500 days, the historic values lie in the lower tails. In the range of about 
100-400 days as well as for about 1000 days, the synthetic values represent relatively good fits to 
the historical counterparts. 

















12 io 1; 0 2700 550 Ijoo 
Figure Z8 A box-plot representation comparing historic and 100 simulated minimum n-day run sums (in 
million cubic metres, MCM)for various values of n. 
To conclude, except for duration between about 200-500 days, the minimum n-day run sums 
estimated from generated data are less than (that is, more severe drought than the) historic 
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counterparts. It means overall, in terms of shortage of water, the risk of underestimation might be 
high using the generated streamflow data. In this respect, the results are consistent with that 
obtained from duration curve (previous section) for 95% value, which was indicated as a 
measure of low flow characteristic. 
7.4. Z3 Storage-yield Relationships 
In any simulation study of reservoir systems, storage-related statistics are of particular 
importance, because they are heavily dependent on low flow sequences as far as storage 
pcrfonnanccs in long-run are concerned. In this respect, the concern here is the use of reservoir 
storage capacity required to meet a pre-specified demand (yield) which is usually a good test for 
the systems with potential of large capacities. The storage-based test applied here is of the sort 
that derives from the situation where a draft is applied to a semi-infinite reservoir starting full 
(Pegrarn & McKenzie, 1991). A storage-ýield diagrarn was therefore produced, where both 
storage and yield values were standardised using the historic mean annual flow (MAF). The 
historical mean was used to calculate the magnitude of the yield or draft (McMahon & Mein, 
1986). 
For selected values of the standardised yield, the historic values were compared visually with the 
distribution of values obtained from the synthetic sequences using the box-plot (Figure 7.9 
(actual storage values) and Figure 7.10 (logarithmic values)). The results are based on the 
behaviour of maximum dcficit, derived from historic and 100 generated sequences, and are 
usually used for the computation of the minimum capacity of the reservoir needed to satisfy an 
uninterrupted yield. 
The results obtained show that there is a generally satisfactory agreement between the historic 
values and the generated distributions. However, for reservoirs with capacities corresponding to 
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yields of about 30-40% of MAF, there are some discrepancies. Here, there is a tendency for the 
historic values to lie in the upper tails of the generated distributions. 
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Figure 7.9 A box-plot representation comparing historic and 100 simulated storage capacity vs. yield r1o 
of MAF) for daily streamflow. 



















Figure 7.10 A box-plot representation comparing historic and 100 simulated log storage capacity vs. 
yield r1o of MAF) for daily streamflow. 
To conclude, except for yields around 10,90, and 100% of MAF in which the storage capacities 
needed using the generated data would be larger than the historic estimates, the generated flows 
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give smaller estimates of the storage capacities needed for the reservoirs, an indication of higher 
risk of failure when compared to the corresponding historic flows. In this respect, these results 
are consistent with both flow duration curve (Figure 7.6) and minimum run-sums (Figure 7.8) 
results. 
7.4.3 Discussion of the Results 
The results of any modelling exercise are heavily dependent on the quality of the observed 
historic data. For this study it is assumed that the quality of the data is adequate. 
In respect to the discrepancies observed in the generated streamflow data, particularly in the 
variance at the annual level, it might be argued that they could have originated from the 
following sources: 
1. the rainfall model and its fitting procedure and/or 
2. the modified ARNO catchment response model. 
The likelihood of discrepancies originating from the generated potential evapotranspiration data 
is small due to the consistent variation in potential evapotranspiration data across years, and to 
the relatively good fitting and generation procedure performed in Chapter 5. In this respect, it 
could be stated that the loss of annual variance in strearnflow might be due to the (1) loss of 
variance in the generated rainfall series and (2) the inability of the rainfall-runoff model to 
reproduce this characteristic satisfactorily. The perfonnance in Table 7.2, Section 7.2.2.2, shows 
that the major part of this discrepancy might have come from rainfall modelling (see Table 4.4, 
Chapter 4) due to its inability to reproduce the intended statistics satisfactory. Regarding Table 
4.4, however, the annual variance is reproduced satisfactorily. Therefore, the possible source of 
discrepancies might have come from, somehow, interaction between generated rainfall and 
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potential evapotranspiration as well as catchment soil moisture at the daily and monthly levels. 
As regard to the discrepancies at the monthly level (see Figure 7.2 and Figure 7.3), in which the 
responses in October, November, and December are underestimating the observed in addition to 
the due reason of underestimation of the corresponding monthly values in the generated rainfall 
(Figures 4.3 and 4.7, respectively, in Chapter 4), it is perhaps something to do with modelling the 
soil moisture characteristics, particularly, as far as overestimation in April and May are 
concemed. 
For the Stage 2 validation results obtained in the previous section (7.4.2), it cannot in general be 
expected that the historic values should lie very close to the median/mean of the distributions. 
The reason is that the historic capacities can be a reflection of relatively severe behaviour in the 
historic data, and so it may be too demanding to insist that the historic values should be close to 
the median/mean of the generated distributions. Therefore, results which place the historic value 
in the tail of the distributions, may not be inconsistent with the real world. Also, since all the 
above mentioned results do not show an overall consistent behaviour, indicating consistent 
biases, there seems to be nothing to worry about in this regard. However, the modelling of low 
flows and groundwater contribution seems to be underestimated in the generated data. 
Depending on the objectives of a water resource system study, these discrepancies between 
synthetic and historic values, which invariably exist to some extent for all studies of this kind, 
can be ignored if they doift have a significant impact. However, this must be checked carefully 
before the synthetic data can be used for real applications. 
The intention here is not to focus on specific objectives regarding the use of generated data 
except for climate and/or land-use change studies. In order to discuss the reliability of the results, 
the considerations employed in validating the generated streamflow data seem to be sufficient to 
ensure that the overall approach is working adequately. This then raises the potential for the 
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approach to be used in climate and/or land-use impact studies. The streamflow data generated 
here may be used as an indication of the present situation in order to allow a comparison with 
future situations under specified climate and/or land-use change scenarios. 
7.5 Summary and Concluding Remarks 
Any stochastic simulation study requires in the first instance the preservation of basic statistics. 
Therefore, utilising the generated streamflow for detecting any future changes in climate and/or 
land-use involves a necessary resemblance with the historic data. In addition to the main features 
of the daily data characteristics, which should be preserved in generated streamflow, the 
preservation of the main characteristics of monthly and annual data needed to be considered. 
Moreover, depending on the intended application, the generated data need to be tested and 
therefore validated using statistics not used in fitting process. 
In this chapter, the historic time series of daily streamflow was used as base data for evaluating 
the performance of the stochastic generation of synthetic daily streamflow data following the 
employed methodology (see Figure 7.1), which uses the results of the original rainfall modelling 
scheme as well as the potential evapotranspiration generation procedure together with an adapted 
rainfall-runoff ARNO model. A vital part of the overall approach was assessing the generated 
strearnflow data through a two stage validation test procedure. Among the validation approaches 
reviewed and discussed in this chapter, the ones which related to the purpose of this study were 
selected and performed in order to compare the results with the historic counterparts. These two 
stages were (1) basic statistics of mean, variance, lag-one autocorrelation coefficient and 
skewness coefficient at daily, monthly and annual levels as well as their seasonal counterparts 
and (2) three test procedures related to water resources applications and particularly to reliability 
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assessment of water resources systems such as flow duration curves, minimum n-day run-sums 
and storage-yield relationships. 
The methodology employed showed that generally the intended basic statistics, in terms of serial 
and seasonal (such as means, variances, lag-one autocorrelation coefficient) were reproduced 
satisfactory (i. e. Stage 1 validation). Regarding the validation of the generated data in terms of 
validation performance of Stage 2, the results showed some underestimation in low flow 
characteristics. 
The validation exercise, overall, demonstrated that the adopted approach (Figure 7.1) performs to 
an acceptable level. That is, the daily strearnflow sequences have been adequately modelled and 
therefore, the stochastic approach developed here for flow generation works well as intended. 
The potential of the approach shows that it can, subsequently, be applied with confidence to 
investigate the effects of proposed changes in land-use and climate change for the study 
catchment. 
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CHAPTER 8 
8. IMPACTS OF LAND-USE CHANGE oN GENERATED 
STREAMELOW 
8.1 Introduction 
Both climate change and land-use change have a potential impact on water resources. A very 
important aspect in monitoring water resources fluctuations in an area is to study the impacts 
reflecting the increasing influence of man, such as deforestation, urbanisation, and alterations to 
the drainage network. As a result of changing economic, social, and technical conditions, in the 
course of time, land-use changes. Changes to land-use inevitably lead to the alteration of 
hydrological responses at the catchment outlet usually through changes in the evapotranspiration 
regime. This is investigated in this chapter by extending the ARNO rainfall-runoff model to 
include a revised evapotranspiration component. The predictions in evapotranspiration are made 
for two scenarios of future land-use in the study catchment, taking into account its existing 
conditions. 
CHAPTER 8 IMPACT OF LAND-USE CHANGE ON GENERATED STREAMFLOW 203 
The methodology selected here is physically based and, together with the operational 
hydrological approach (Chapters 4,5,6, and 7) provides a proper technique for quantitative 
estimation of the consequences of future change in land-use, that is, to predict the effects of this 
change on the water resources of the study catchment. 
Here, the influences of land use change on the evapotranspiration regime were studied using the 
unchanged climate, i. e. rainfall and potential evapotranspiration time series. This allows the 
effects of land-use change to be compared and contrasted with those due to climate change. 
With regard to land-use change in UK, it is likely that farming will become less intensive and 
environmentally conscious and, as a result, the landscape will become more species-rich and 
agriculture more diversified. This is envisaged in the near future as reported by Parry & Duncan 
(1995). 
8.2 Evapotranspiration and Interception Components 
8.2.1 Introduction 
The previously adapted ARNO model has been further adjusted and extended here to give a 
spatial resolution to the description of the land cover characteristics. A vegetation canopy model 
was added to model the process associated with the interception of rainfall. The addition of the 
canopy model is considered increasingly important as the proportion of forest in the catchment 
area is getting higher. In this respect, work on forest evaporation needs a separate description of 
wet and dry canopy evaporation, that is partitioning of total evaporation between interception 
(wet canopy evaporation) and transpiration (dry canopy evaporation) (Shuttleworth, 1979). The 
spatial resolution approach employed here represents areas of different cover types within the 
catchment. The runoff from these areas is then routed to the catchment outlet. 
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To study the effects of land-use changes, it was felt that by explicit calculation of interception, 
more realistic water balance figures could be obtained than those provided by the existing 
ARNO model. Since the evapotranspiration function included in the original model did not 
account for the interception losses and transpiration processes explicitly, it was necessary to 
improve the structure of the model by breaking evapotranspiration (M) into its interception and 
transpiration components in order to quantify accurately the influence of vegetation cover on 
water resources. 
Generally the ET component of the improved ARNO model uses meteorological and vegetative 
input data to predict the total evapotranspiration and net rainfall amounts resulting from the 
processes of interception of rainfall by the canopy, drainage from the canopy, evaporation from 
the canopy (interception loss), and finally evapotranspiration from the soil surface and plant 
transpiration. In this respect, the evapotranspiration process can be divided into various stages 
which are explained below: 
Firstly, when rainfall occurs, a proportion is intercepted by the vegetation canopy and the rest 
falls on the soil surface either through the canopy or directly, where there is no vegetation. 
Secondly, some of the intercepted water evaporates and some drains to the soil surface. Finally, 
there is also evaporation from the water on the soil surface and from the water taken up by the 
vegetation roots (transpiration). 
Rainfall in the adapted model is divided into two parts: interception loss and net rainfall. 
Interception loss is described using the scheme of Calder & Newson (1979). Moreover, 
evapotranspiration is controlled by available soil moisture as described using the previously 
modified evapotranspiration component in the ARNO model. Therefore, the total actual 
evapotranspiration would include interception and evapotranspiration, while the total rainfall 
would be decomposed into interception and net rainfall. Since the information needed for 
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estimation of actual evapotranspiration was only potential evapotranspiration and rainfall, 
procedures are required to account mathematically for two things. These are: 
1. potential evapotranspiration estimation for various land covers and, secondly, 
2. the explicit estimation of interception. 
8.2.2 Estimation Procedure of Potential Evapotranspiration 
Potential evapotranspiration (PET) is that which occurs when the supply of water to the plant/soil 
system with a dry or wet canopy is unlimited. It is assumed to depend only on meteorological 
conditions and the radiational and aerodynamic properties of the soil and plant cover. It is also 
independent of flow conditions within the soil and of the physiological restrictions on 
evapotranspiration within the root/plant system. Various formulae have been used to estimate 
PET in a catchment. Among them are Penman's well-known combined energy balance/turbulent 
transfer equation (Shuttleworth, 1979) which assumes a predominance of grass and is composed 
of two distinct terms. The two terms describe (a) radiation effect and (b) aerodynamic effect. 
This equation is described as: 
PET = 
AQ. +p cp8e / r. 
2, (A + 7) 
where: 
Equation 8.1 
PET is potential evapotranspiration rate, kgm-ýs" (equivalent to mmls), Q, is the energy available 
W1 2, for evaporation, M often approximated by R,, -G,, or even Rn2 over long periods, where: R,, is 
the net radiation input and G, is the 'soil heat flux'. G, is usually disregarded when calculation is 
performed on a daily basis, since G, -), 0 over a 24-h period. 
A is the slope of the curve of saturated vapour pressure plotted against temperature, mbICO, 
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/ 3, p is density of air, kg, jm 
cp is specific heat of air at constant pressure, JlkglC' 
5e is vapour pressure deficit of air, mb, 
r,, is aerodynamic resistance to transport of water vapour from the canopy to a plane 2 metres 
above it, s1m, 
X is latcnt hcat of vaporisation of watcr, Jlkg, and 
C 
y is psychometric constant , mbIC, given by y= ýL-' where: P is atmospheric pressure, mb, and CrX 
a is ratio of density of water vapour to density of air. 
The value of r,, can be a constant, or else calculated from the wind velocity profile if the required 
data are available. 
The second term in Equation 8.1 is a function of the inverse of r,, , which is llr,, .A sensitivity 
analysis of its various parameters (Beven, 1979) has shown that the most sensitive parameter 
relative to others is r, Therefore, with the availability of data for r,, values for various land 
covers, the PET rate may approximately be estimated. 
An alternative approach to obtain the Equation 8.1 is the Pemnan-Monteith equation used for 
estimation of reference crop evapotranspiration, E, (dry canopy evaporation) as shown below: 
Et - 






I Equation 8.2 
The term r, ,, which 
is defined as the vegetation's canopy resistance to water vapour transfer, 
equals zero when it is to be used for the estimation of evaporation from a well-moistened surface, 
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for example from open water, or from PET (completely wet canopy). Therefore, by setting r. 
=0.0, that is, for the case of free water evaporation (potential rate), Equation 8.2 becomes 
approximately equal to Equation 8.1. In other words, Equation 8.1 is a special case of Equation 
8.2 which implicitly includes aerodynamic and surface resistance for short vegetation. Further 
details have been described in Shuttleworth (1979). 
Priestley & Taylor (1972) introduced an equation with increasingly popular usage, which has the 
form: 
PET -- cc 
Aq, 
,% (A +7) 
Equation 8.3 
where cc is an empirical constant in the order of 1.26 for well watered surfaces with full 
vegetation cover. 
This equation is a good alternative for the estimation of PET (see for example Flint & Child 
(1991) and De Bruin & Keijman (1979)). Its relative advantage is that it does not require the 
humidity measurements and the second term is indicated as a proportion of the first in Equation 
8.1 through the value of a. This is just a rationalisation between the two terms in the numerator 
of the Equation 8.1, which is: 
1)AQ. =p cp8 e/ r 
Of significance here is the Pemnan (1956) observation which noted that, for European conditions 
at least, the first term in Equation 8.1 is commonly four to five times as great as the second. This 
is consistent with cc = 1.26 in the Priestley-Taylor equation and might be taken as some 
justification for allowing a higher level of empiricism in the less significant second term 
(Shuttleworth, 1979). For large areas of open water, Priestley & Taylor (1972) also found that 
the second term of the combination equation is approximately 30 percent of the first (a = 1.30). 
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Shuttleworth (1979), moreover, indicated that the Priestley-Taylor equation should not be 
considered as a means of estimating potential evapotranspiration (PET) except for short green 
crops. Shuttleworth & Calder (1979) also demonstrated the inapplicability of the Priestley-Taylor 
equation in estimating potential evapotranspiration for forest vegetation. 
However, the main assumption in this study is that the above potential evapotranspiration 
equations can describe all sorts of evaporation including transpiration and interception, which 
may be a significant part of total evapotranspiration when a significant part of the land cover is 
forest area. 
8.2.3 Canopy Interception Models 
Interception loss (the difference between recorded and net rainfall) is defined as the evaporation 
that takes place from the surfaces of leaves, branches, and trunks (in forests) during or after 
rainfall and is distinguished from the evaporation from soil and transpiration. Its occurrence 
directly depends on the area, height, density, and the structure of the vegetation cover of the 
catchment and it can be a considerable portion of total evapotranspiration depending on the type 
of vegetation in the study area. The interception loss also depends on the frequency, intensity, 
and duration of rainfall storms. It has long been recognised as an important part of the water 
balance when studying various hydrological regimes in forest areas and, moreover, it determines 
net precipitation. Forest canopies generally experience higher interception losses than low 
vegetation due to higher interception capacity as well as the larger aerodynamic roughness 
enhancing the evaporation of intercepted water (Gash and Stewart, 1977). 
Total cumulative lysimeter losses per year measured from forests in wet upland climates such as 
in Wales, that includes interception, transpiration and evaporation from soil surface, can reach as 
much as twice open water evaporation estimates obtained from Penman (E,, ). This demonstrates 
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the evaporation losses that can arise from forests in a high rainfall area. In this respect, 
interception can be a major loss component and highlights the need for accurate methods of 
measuring and predicting interception losses in these areas (Calder, 1976). 
The range of annual interception losses over Great Britain can also vary by some 600 millimetres 
(between e. g. 214, from a forest in East Anglia, and 790 mm, from a forest in upland Wales) 
while, for annual potential evapotranspiration for grass, it is about 240 millimetres (between 300 
and 540 mm). As a consequence of this high variation in interception loss, the quantitative effect 
of forests on water resources will also vary (Gash and Morton, 1978). 
Interception losses naturally have a high spatial variation. Attempts have been made to accurately 
model them in different regions and for different land-uses. While a sophisticated model is 
required when trying to model the extreme conditions, a simple model can suffice for water 
balance studies; both types are employed here for the purposes of this study. 
8. Z3.1 Ruffer Model 
The most sophisticated model of forest interception is named after Rutter et al. (1975). This 
model has been further described in detail and tested successfully by e. g., Calder (1977) and 
Gash & Morton (1978). The model requires both rainfall and potential evapotranspiration (PET) 
inputs. It includes the modelling of direct rainfall, evaporation from intercepted rainfall, and leaf 
drip. These processes are governed by physical parameters, which vary with vegetation type. The 
original model calculates the interception from the canopy and trunks on an hourly basis, rather 
than on a daily one, which is the need in this study. 
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8. Z3.2 Calder Daily Interception Model 
Calder (1990) introduced his daily exponential model simply as a function of the rainfall variable 
and two catchment dependent constant parameters subject to calibration. This model was 
selected based on extensive experimental research performed in England and Wales. The form of 
the model is: 
I =, y (I - e-'P) Equation 8.4 
where y is the maximum predicted interception loss in one day, 8 is an experimental constant, P 
is daily rainfall, and I is interception loss. It was used and tested in various parts of the UK and 
then some optimised values were recommended for the two model parameters of the equation for 
UK applications. However, in this study, they were estimated through an optimisation 
technique. 
8.3 The Control Scenario Construction 
8.3.1 Assumptions 
The adapted ARNO model, as previously described, did not isolate explicitly the 
evapotranspiration for each of the different land-uses within the catchment. This was needed to 
study the effects of land-use changes on the water balance and runoff. 
In order to define a 'control scenario' with comparable results to that of the adapted ARNO 
model, a procedure was defined for identifying the water balance components for the various 
existing defined land-uses in the study catchment. The model results in terms of statistical 
behaviour and model efficiency were expected to remain approximately the same for the control 
scenario. 
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For simplicity, it was assumed that the study catchment is composed of only four land-use cover 
types: grass (GR), arable (AR), deciduous trees (DT), and coniferous trees (CT). The cover types 
adopted were a simplified version of the cover types presented in MORECS (Thompson et al., 
198 1) which would markedly reflect different hydrological responses. 
With the availability of daily potential evapotranspiration data for the catchment, which was 
already employed as one of the data inputs in the adapted ARNO model (Chapter 6), it was 
decided to create four daily data files from the data at hand. Each of the four data files would 
provide a rough estimate of potential evapotranspiration rate specific to the related land-use. 
Having considered the percentage contribution of each land-use overall, the weighted average of 
potential evapotranspiration values was expected to become equal to the corresponding available 
catchment estimates. Therefore a method was needed to calculate this transformation. 
In this study, since the percentages of various land use areas within the catchment area were not 
available, the land-use definitions of MORECS (Thompson et al., 1981) were extracted and 
accepted. The definitions are in accord with the duration of the data analysed and used in this 
study (1952-76). For the study catchment they were obtained as: 61% grassland, 29% arable, 6% 
deciduous trees, and 4% coniferous trees. Therefore, the proportion of the catchment covered by 
forest is relatively small. 
The aerodynamic resistance value is usually reported as the most sensitive variable as well as the 
dominant factor responsible for the land use contribution in the estimation of potential 
evapotranspiration. The aerodynamic resistance is usually calculated from the wind speed and 
surface roughness, and is explained in detail in Thom & Oliver (1977). 
The Priestley-Taylor equation (8.3) was chosen and used as the basis for calculating the PET 
rates for the four different land cover types. This is of course contrary to what is recommended in 
literature i. e. that it should be used for grass and short green crops. To deal with this problem, the 
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cc value in the Priestley-Taylor equation was altered to reflect different land cover types (see 
Equation 8.3). In simple terms, this is in fact an approach to proportioning PET values, where it 
was assumed that the original value of cc of about 1.26 (as used for grass and short green crops) 
can be used as a base value to calculate the respective cc values for other land cover types. In this 
respect, by expressing cc as oc=l+P, where P corresponds to the second aerodynamic term in 
Equation 8.1, the value of P was assumed to be inversely proportional to the r, values for the 
different land cover types. 
Due to a lack of information, approximate values of r. (GR) = 50, r. (AR) = 29, r, (DT) = 8, and 
r, (CT) = 6, all with the unit of (sm"), were chosen according to Dunn & Mackay (1995) and 
Calder (1990). Base values of P=0.26 and cc = 1.26 were adopted for grass (Calder, 1990). To 
work out the cc values for other land covers, it is assumed that P is inversely proportional to r.: 
0 ccl/r.. Therefore, P =Clr. in which C is the coefficient of proportionality. For the base values 
for grass, C may be obtained as C=Pxr. and equal to 0.26x5O = 13 . In this respect, P values are 
calculated as P(AR) =13/29=0.45, P(DT) =13/8=1.63, and P(CT) =13/6=2.17 and, subsequently, 
cc values would be oc(AR) = 1.45 (due to fact that the crops do not cover the land all the year 
round the average value of 1.26 and 1.45 was chosen as 1.35), a(DT) = 2.63, and cc(CT) = 3.17 
(see Table 8.1). 
The area weighted average of a for the whole catchment was calculated as: cc(AV) = 1.44 which 
is a logical value for this catchment with 10% forest. Therefore, using the annual historic PET 
magnitudes as PETTOT (about 527 mm), annual potential evapotranspiration for each land-use 
was estimated using 
PETGR = (1.26 / 1.44) * PETTOD 
PETAR = (1.35 / 1.44) * PETTOT) 
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PETDT = (2.63 / 1.44) * PETTOT, and 
PETCT = (3.17 / 1.44) * PETTOT - 
These proportions were applied to daily PET values for each land cover type to obtain the 
corresponding PET estimates. 
It is recognised that this procedure can only give approximate estimates of PET for the different 
land-uses. The procedure was employed because records of PET for the different land-uscs in the 
catchments were not available. Nonetheless, the estimates should reflect the relative differences 
in PET for the different land-uses, which is what is required for impact assessment. 











Total area percentage 61 29 6 4 100 
r. (s/m) so, 29 
2 82 62 
Cc 1.26 
3 1.35 2.63 3.17 
In the adapted ARNO model, the interception values were deducted from rainfall and potential 
evapotranspiration data to obtain net rainfall and new potential evapotranspiration values which 
are then used in the model as rainfall and potential evapotranspiration, respectively. 
I Calder (1990: 28) 
2 Dunn & Mackay (1995) 
3 For short agricultural crops, Priestley & Taylor (1972) found a =1.26. 
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8.3.2 Interception Estimation 
8.3. Z1 Using Rutter Model 
Having incorporated the Rutter interception model in the adapted ARNO model but used with a 
daily time step, it was applied to each land-use in the catchment (the aforementioned four 
categories) using the optimal parameter values obtained in Chapter 6 as well as the above 
PETIand-use values together with the nominated areas. This model was first employed to check if 
any difference exists in simulated results in terms of validation including the coefficient of 
determination (10. Other statistical characteristics such as mean, variance, lag-one 
autocorrelation coefficient (MACC), and skewness coefficient (SC) were also calculated. The 
model results (Table 8.2) showed practically no differences in comparison to the results obtained 
in the adapted ARNO model as demonstrated in Chapter 6, i. e. Al-W1 (see Table 6.6, No. 4). 
Table 8.3, moreover, gives the annual water balance values for each land-use with Rutter 
interception model incorporated. As it is seen, for each land-use and an annual time step, 
1. Average change in soil moisture (ASM) = Rainfall (PTOT) - Runoff (R) - Actual 
evapotranspiration (AET) - Percolation (Perc), 
2. Rainfall (PTOT) = Interception loss (EINT) + Net rainfall (PNET), and 
3. Actual evapotranspiration (AET) = Interception loss (EINT) + Transpiration (ETR), 
The results demonstrate that the AET estimates which are over 50% Of PTOT are consistent with 
the findings of Dunn and Mackay (1995). The forest evapotranspiration and interception values 
are also consistent with the respective estimates for Thetford forest (UK) which is under a similar 
rainfall regime (Gash & Stewart, 1977). However, the daily variances at the three aggregation 
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levels (Table 8.2) are somewhat overestimated. Moreover, the estimates of PET in Table 8.3 are 
a little low and high for grass and forests, respectively. 
Although the Rutter model was employed with a daily time step and acceptable results obtained, 
the use of daily data might not be justified due to the fact that the Rutter model has been 
developed to be used at hourly time intervals and less. The inadequacy of the procedure here 
pertains more to the method (hourly Rutter model) rather than the results obtained. In this 
respect, research is needed to enable interception models to be used with more readily available 
daily meteorological data. Here, it was decided to resort to empirical methods in order to develop 
a daily interception model. This is dealt with in the following section. 
Table 8.2 Model runoff results (for the period of historic data) using Rutter interception model 
incorporated in ARNO (A]-WIR) model compared with respective values obtained from 













Daily 13.74 13.88 212.9 232.7 0.99 0.99 2.04 2.03 0.84 0.86 
Monthly 13.82 13.96 160.9 175.3 0.68 0.69 1.46 1.44 0.90 0.93 
Annual 13.74 13.88 25.63 28.0 0.03 0.01 -0.01 0.01 0.93 0.95 
Table 8.3 Annual water balance components' values of ARNO (A]-WI) model with Rutter interception 





















Grass -1.21 737.7 291.0 447.9 0.0 474.1 7.18 110.9 336.9 626.8 
Arable -1.32 737.7 271.1 467.9 0.0 508.2 5.72 103.3 364.6 634.4 
DT -2.07 737.7 160.8 1 579.0 0.0 846.4 2.80 207.5 1 371.5 530.2 
CT -2.31 737.7 132.1 607.9 0.0 1004.5 2.81 280.8 327.1 
His. values - 737.7 268.0 - 527.0 - - - 
CHAPTER 8 IMPACT OF LAND-USE CHANGE ON GENERATED STREAMFLOW 216 
8.3. Z2 Adaptation of the Daily Interception Model 
The aim was to develop a procedure for obtaining an accurate estimate of interception loss rate 
using the two parameter Calder daily interception model. A one harmonic Fourier series for each 
concemed parameter was fitted to daily data estimated from the hourly Rutter model. 
A parameterisation procedure was adopted by employing the Rutter interception model and 
hourly data. In the case of the Rutter model, since no hourly rainfall data were available for the 
study catchment, use was made of accessible hourly rainfall data from a nearby station called 
Hum, with an annual rainfall of about 794 millimetres (1979-1989) which is about 7.6% more 
than that of the study catchment (738 mm). Regarding the PET data, the daily data from the 
equivalent period of PET data of the study catchment was selected as an input requirement for 
the Rutter model. In order to prepare hourly PET data, the corresponding daily values were 
distributed over the 24 hours so as to obtain equal hourly values for 12 hours during daytime and 
zero values for remaining 12 hours during each night-time of the same day. The intention was to 
estimate hourly interception values and then having aggregated them to the daily level, use them 
as control data, to calibrate the Calder model through estimating its two parameters. 
Due to the strong annual periodicity found in the aggregated Rutter interception data (control 
data), it was decided to define the two daily Calder model parameters as two independent Fourier 
series functions to capture this periodicity: 
Ao + A, cos(27rt / 365) + A2 sin(27tt / 365) and 
Bo + B, cos(27ct / 365) + B2 sin(27ct / 365), 
in which A0, A,, A2, BO, BI, and B2 are the parameters (now six rather than two) subject to 
calibration. Therefore, the Calder equation now becomes: 
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I(t) =y (t) (1 - e-8 
(t)p (t)) Equation 8.5 
where all the previously defined components are a function of time. 
However, here the parameters A2 and B2 were found to be insignificantly different from zero 
during optimisation. Having considered the principle of parsimony, A2 and B2 were assumed to 
be zero. In this respect, the other four significant parameters A0, A,, BO, and B, were chosen for 
calibration. 
The above four parameters were optimised utilising the simplex optimisation algorithm, 
programmed in E04CCF (NAG, 1991). 
The results are demonstrated in Table 8.4 for all the existing land-use categories. They provided 
good efficiency values in the fitting procedure, which are all above 0.93 at the monthly level, 
except for the case of arable land. However, the results for the daily level are relatively small 
(0.56-0.65) which might be attributed to a model deficiency in capturing and reproducing daily 
variations acceptably. In this respect, Figure 8.1 provides a sample comparison of results for 
grass land cover at both daily and monthly levels. The control (from Rutter model) and estimated 
daily interception values are also shown in Table 8.4 for comparison. 
Table 8.4 Optimisation results using Equation 8.5, employing estimated hourly interception data for the 









Land-use An. av. 8 Rutter Estimated monthly daily 
(mm/yr) AO A, BO B, I (mm/day) (mm/day) level level 
Grass (Gr) 55.8 0.472 -0.396 1.395 -0.792 0.153 0.152 0.94 0.60 
Arable (Ar) 47.8 0.445 -1.328 0.169 -0.180 0.131 0.132 0.79 0.57 
Deciduous tree (Dt) 124.1 1.244 -1.298 0.698 0.207 0.340 0.341 0.95 
Coniferous tree (Ct) 190.9 2.144 -1.772 0.529 0.310 0.523 0.519 0.93 
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Having employed the Calder model as well as Fourier models fory and 8 which are all empirical, 
the parameters obtained (AO, A,, BO, and BI) from the optimisation process are not expected to 
bear good physical interpretation. However, in the case of AO and BO, they generally increase for 
trees and are then compatible with the increase in their interception losses. 
8.3.3 Results 
Having estimated the unknown parameters, the new model was incorporated in the ARNO model 
to estimate the daily interception component of the water balance model. The model results, 
which show the fitness of the adapted model for simulating the streamflow values of the study 
0 200 400 600 800 1000 1200 1400 1600 1800 
05 10 15 20 25 30 35 40 45 50 55 60 
Figure 8.1 A sample visual comparison between the Rutter interception values (mm) and the developed 
daily interception values (mm) for the grass land cover at (a) daily and (b) monthly levels for 
5 years- 1825 days in (a) and 60 months in (b) (Jan. = Month 1) 
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catchment, are exhibited in Table 8.5. Table 8.6, moreover, shows the water balance component 
results which give meaningful amounts. 
Both Table 8.2 and Table 8.5 show that the results are virtually not very different from those 
obtained in Chapter 6 (Table 6.6, No. 4). However, some improvements in variances at all levels 
obtained. Moreover, the results here (Table 8.6) demonstrate more realistic behaviour than those 
obtained earlier using the Rutter model (Table 8.3); transpiration rates for arable and grass lands 
indicate a smaller value, when compared with the corresponding forest values, than both 
deciduous trees and coniferous trees. Therefore, the model could confidently be chosen and 
applied as a catchment response control reproduction model and used for synthetic streamflow 
data generation. In this respect, the land-use version of the ARNO model, which was adapted 
here, was used to generate daily streamflow series (2500 years), representing the control scenario 
of the future land-use change, for the baseline case in which the land-use conditions of the 
catchment were not undergoing change. 
Table 8.5 Model runoff results (for the period of historic data) using modified daily Calder interception 
model incorporated in ARNO (W-WIQ model compared with respective values obtained 













Daily 13.74 13.52 212.9 193.2 0.99 0.99 2.04 2.09 0.84 0.87 
Monthly 13.82 13.59 160.9 141.2 0.68 0.67 1.46 1.48 
1 
0.90 0.93 
Annual 13.74 13.52 25.63 25.63 0.03 0.01 -0.01 -0.05 0.93 0.96 
The overall results obtained up to now, termed as 'control scenario construction', are presented 
in Table 8.8 (control scenario). The statistical results of the original generated sequences, also 
shown in the Table, have already been presented in Chapter 7, Table 7.2. Similar results are 
observed for the control scenario and the original scenario in this table, except for reduction in 
daily and monthly variances in the control scenario which is likely due to the lost of variability in 
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the developed daily interception model (see Figure 8.1). This, furthermore, support the overall 
procedure selected for strearnflow generation in this section as control scenario. 
Table 8.6 Annual water balance components' values of ARIVO (A ]- WI) model incorporated with 





















Grass -1.12 737.7 288.5 450.3 0.00 461.0 7.28 68.4 381.9 669.3 
Arable -1.21 737.7 268.1 470.8 0.00 493.9 6.45 57.8 413.0 679.9 
DT -2.17 737.7 118.7 621.2 0.00 962.1 1 2.10 153.0 468.2 1 584.7 
CT -2.38 737.7 82.8 657.3 0.00 1159.7 1.16 220.7 436.6 517.0 
His. values -1 737.7 1 268.0 1 - 1- 527.0 - - - 
8.4 Future Land-use Change Scenarios 
8.4.1 Introduction 
The upgrading of the ARNO model to include interception calculations enables the model to be 
used to predict differences in the evapotranspiration regime caused by land-use change. 
The change of land-use over a catchment which is managed by man can be due to various 
economic and environmental causes in the course of time. These causes may generally be 
categorised as actions and reactions of man. Man's reaction to climate change might be cited in 
this regard. For example, experiments in controlled environments suggest that an increase of 
atmospheric C02 from the current value of 350 ppm. to about 450 ppm by 2030 could increase 
the productivity of crops by 5-15%. However, it is uncertain whether this increase will occur in 
the field (CCIRG, 1991). Therefore, the overall effects of increased C02 on crop and forest water 
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requirements, temperature, and season length can be seen as the source of various configurations 
of future land-use change. 
In this study, it is not intended to detail these causes; rather, the future possible impacts on the 
study catchment were considered as various scenarios. For the UK, CCIRG (1991) reported that, 
as a result of temperature increase, there would be opportunities to introduce new tree species 
and crops that are currently grown in warmer climates. 
8.4.2 Future Scenarios 
The adapted ARNO model was implemented in the study catchment to assess the effects of land- 
use change, as a result of policy changes, on the water balance. 
In Britain at present, almost 70% of the total agricultural area is covered by grassland of one sort 
or another which is the basis for the ruminant livestock industry (Parry & Duncan 1995). The 
study catchment, itself, has experienced a change of land-use from pasture to arable farming. The 
agricultural land-use within the area is principally general cropping followed by grassland (NRA, 
1995). Over the last decade, the area of cropped land has declined by approximately 15%. The 
introduction of the Common Agricultural Policy (CAP) reforms in 1992 also resulted in a 
decrease in the area of arable land. Except for the smallest farms, these reforms require at least 
15% of land growing cereals, oilseed, and protein crops to be set aside for the duration of the set- 
aside period, in order to receive Arable Area Payments. 
Grassland has also declined over the last decade. In the fidure, environmental considerations may 
also play a much greater part in government farming policies which could result in restrictions on 
current grassland management practice. 
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Following the general idea of a warmer climate in the future, a feasible scenario could include a 
decrease in forests as well as an increase in arable lands with possible alterations in the types of 
crops. An alternative scenario might be the present government-induced policy to replace some 
grasslands and arable lands with forest (Phillips, 1992). 
Table 8.7 presents the future values of land-use percentages for two possible scenarios together 
with the control scenario. The original generated values for both rainfall and potential 
evapotranspiration data were employed in generating streamflow for both scenarios. Table 8.8 
presents the results obtained. 
Table8.7 Values of land-usepercentagefor control, future-. 1 andfuture-2 scenarios 
Scenario Land-use percentage 
Grass Arable Deciduous tree Coniferous tree 
Control 61 29 6 4 
Future-I 40 60 0 0 
Future-2 31 29 16 24 
8.5 Water Resources Impact Assessment 
Under the control and two future land-use scenarios, the results in terms of Stage-I validation 
(see Chapter 7) are presented in the next section. For Stage-2 validation, as explained in Chapter 
7, the low results are going to be discussed in the subsequent section. 
8.5.1 General Assessment 
Regarding the results of control and future scenarios, these are demonstrated in Table 8.8 and 
Figures 8.1-8.3 in addition to the historic and original generated values that were already shown 
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in Chapter 7, Figures 7.2-7.4. The results in Table 8.8 demonstrate that under these two scenarios 
of land-use change, denoted as future-I and future-2, the mean would be subject to an increase of 
5% and a decrease of 22%, respectively. Regarding the daily variance, the corresponding values 
are increased (+9%) and decreased (-34%). Moreover, the respective changes in monthly 
variances are +10%, -33% and in the level of annual variances are +9%, -3 1%, respectively. 
Figures 8.1-8.3 present the monthly means, variances and lag-one autocoffelation coefficient for 
both scenarios using box-plot representations. In the case of the monthly variation of the means 
(Figure 8.1), an evenly distributed increase over year of up to about 7% and an evenly distributed 
decrease over year of up to about 30% would occur mainly in summer, for future-I and future-2 
scenarios, respectively (see also Table 8.9). Figure 8.2, moreover, shows the monthly variation of 
variances in which the corresponding changes are up to about 13% increase (scenario-1) and up 
to about a 50% decrease (scenario-2), both of which would occur in summer. With regard to 
Figure 8.3, which demonstrates monthly variation of the lag-one autocorrelation coefficient, the 
corresponding changes would be up to about 2% increase in summer and up to about 9% increase 
in spring together with a 9% decrease in autumn in scenario- I and scenario-2, respectively. 
8.5.2 Low Flow Impacts Assessment 
The observed and generated daily flow series were analysed using the box-plot procedure in 
ten-ns of (1) flow duration curves, (2) minimum n-day run sums, and (3) storage-yield 
relationships for control and future scenarios. These, together with the relevant results for 
historic and original generated values, already presented in Chapter 7 as Figures 7.6-7.10, are 
shown in Figures 8.4-8.7 for ease of comparison. 
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Table 8.8 Comparison of basic statistical characteristics of historic, and 100 sequences of generated 
values for daily PET data for present (original), control and future land-use scenarios, for 
daily, monthly and annual aggregation levels. 
Level Type of data, statistics, and Mean VAR LIACC SC 
land-use scenario W/o W/o, 
historic 13.72 207.9 0.95 1.98 
original 13.29 188.7 0.99 2.09 
(Al-WI) (0.76) (635.8) (0.00) (0-09) 
daily generated control 12.92 165.1 0.984 2.18 
sequences: (0.79) (514.7) (0.00) (0.11) 
mean fature-I 13.54 180.6 0.985 2.16 
(variance) (0.87) (598.9) (0.000) (0.10) 
future-2 10.03 109.7 0.985 2.39 
(0.52) (306.3) (0.00) (0.16) 
historic 13.79 149.8 0.67 1.29 
original 13.37 147.2 0.70 1.48 
(Al-WI) (0.77) (399.8) (0.00) (0.05) 
monthly generated control 12.99 123.8 0.673 1.52 
sequences: (0.80) (303.1) (0.001) (0.06) 
mean future-I 13.60 136.0 0.673 1.51 
(variance) (0.87) (354.3) (0.001) (0.06) 
future-2 10.08 82.8 0.681 1.70 
(0.53) (183.7) (0.001) (0.09) 
historic 13.72 24.98 -0.10 -0.18 
original 13.29 19.68 -0.01 0.28 
(Al-WI) (0.76) (26.7) (0.04) (0.23) 
annual generated control 12.92 19-15 0.018 0.28 
sequences: (0.79) (24.1) (0.042) (0.24) 
mean fiiture-I 13.54 20.82 0.018 0.26 
(variance) (0.87) (28.5) (0.042) (0.24) 
fature-2 10.03 13.21 -0.001 0.41 
1 (0.52) 1 (12.3) (0.041) (0.26) 
(1) Figures 8.4-8.5 show the flow duration curve diagrams which demonstrate the relationship 
between any given discharge and the percentage of time that the discharge is exceeded. As 
indicated in Chapter 7, the box-plots are constructed only for specific flow values (range of 
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values of about 0 -80 m3/s). The box-plot of flow duration curves shows a consistent increase 
from zero to up to about 25% and a consistent decrease from zero to up to about 60% over the 
range of flows, for the future-1 and future-2 scenarios, respectively. Regarding the groundwater 
contribution, which can be studied generally among the values of less than 5m 3/S, the former 
scenario presents no significant change and the latter scenario less (see Figure 8.4, graph bottom 
left and right, respectively, for about Q90, as defined in Chapter 7, Section 7.4.2.1). 
(2) Figure 8.6 exhibits the box-plot representation of the minimum n-day run sums (n varies from 
1-1000 days). The results, in logarithmic values, show that, for all ranges of durations, there is a 
consistent increase in minimum n-day run sums of about 4% under future-I scenario and a 
consistent decrease of about 20% under future-2 scenario. The former implies slightly more 
resources and the latter implies significantly less resources. 
(3) Figures 8.7 also shows the box-plot of storage-yield relationships in which the logarithmic 
values of capacity are plotted versus the selected values of standardised yields. The results for the 
future-I scenario demonstrate that the capacity needed to satisfy the yields of more than 70% of 
MAF would be subject to a decrease up to about 25%. The corresponding results the for future-2 
scenario vanes from about a 20% increase to about a 300% increase (for yields of 70% of MAF 
and more). That is, the storage needed to meet the yields of about 70-100% of MAF is about 
25% less in future-1 scenario whereas it is about 300% more for future-2 scenario. 
Table 8.9 Results for average of 100 flow means as well as seasonal means from generated sequences 
using Table 8.8 and Figure 8.2 
Changes in future land-use Changes in future strearnflow scenarios using 
scenarios (see Table 8.7) seasonal results overall results 
.-: Grass (-21%), forest 
10%), and arable (+3 1 %) 
evenly increase of up to 7% (mainly in 
summer, JJA & winter, DJF) 
increase of 5% 
scenario-2: Grass (-30%) and 
forest (+30%) 
evenly decrease of up to 30% (mainly 
1 in summer, JJA) 
decrease of 22% 
I 
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B. 6 Summary and Concluding Remarks 
The effect of future land-use scenarios on daily streamflow in the study catchment was 
considered in this chapter. In this respect, the effect of climate change on land-use was 
considered an issue irrelevant to the objective of this Chapter and, therefore, not investigated 
here. 
Land-use change impact assessment was investigated in this chapter through the study of the 
evapotranspiration phase (component) of the water balance module of the rainfall-runoff model. 
In this respect, the adapted ARNO rainfall-runoff model was further extended to accommodate 
the potential land-use changes, which might occur in the future as a result of economic and 
policy alterations. The possibility of land-use change being directly due to climate change is not 
explicitly considered here. 
The new adaptation or updated version of the ARNO model includes the introduction of a 
simple vegetation canopy model to allow for interception (and of course evapotranspiration) 
processes. Also, to enable greater spatial resolution of land-cover, in addition to the potential 
sub-catchment divisions, the catchment was divided into hydrologically significant land cover 
blocks. The runoff from each of these blocks was then routed to the outlet of the catchment. 
As expected, by reducing or increasing the areas under forestry, the corresponding decreased or 
increased evapotranspiration rates from wetted forest canopies during and following precipitation 
can inevitably cause changes in water yield. Among the results obtained in this chapter, the 
introduction of 30% forestry to the present forest areas, as future-2 scenario, would lead to a 
significant reduction in water yield. Under such a scenario, there would be a need, therefore, to 
consider the consequences for water supplies. 
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Legend: AO Historic monthly flow means (m3/s) 
top le : original generated monthly flow means (rr? /s) (Chapter 7); 
top rig : generated monthly flow means (m%) under control land-use change; 
centrele : generated monthly flow means (m%) under scenario- I land-use change; 
centre rig generated monthly flow means (n? /s) under scenario-2 land-use change; 
bottomle %change in average monthly flow means from control to scenario- I land-use change; 
bottom righ :% change in average monthly flow means from control to scenario-2 land-use change. 
Figure 8.2 Box-plot representations and % change in averages for comparisons between means of 
monthlyflow series over month based on 100 synthesised sequences of streamflow (original, 
control, scenario-. 1, and scenario-2) and the historic counterparts 
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Legend: -4 Historic monthly flow variances (M3/S)2 
jQpJ& original generated monthly flow variances (n? /S)2 (Chapter 7); 
top righ : generated monthly flow variances (M3/s)2 under control land-use change; 
centre le : generated monthly flow variances (M3/S)2 under scenario- I land-use change; 
centre righ generated monthly flow variances (M3/S)2 under scenario-2 land-use change; 
bottom le % change in average monthly flow variances from control to scenario-I land-use change; 
bottom righ :% change in average monthly flow varianves from control to scenario-2 land-use change. 
Figure 8.3 Box-plot representations and % change in averages for comparisons between variances of 
monthlyflow series over month basen on 100 synthesised sequences of streamflow (original, 
control, scenario-1, and scenario-2) and the historic counterparts 
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Legend: -44 Historic monthly flow lag-I autocorrelation coefficients (LIACCs) 
tol2le : original generated monthly flow LIACCs (Chapter 7); 
top righ : generated monthly flow LIACCs under control land-use change; 
centre le : generated monthly flow LIACCs under scenario-I land-use change; 
centre righ generated monthly flow LIACCs under scenario-2 land-use change; 
bottom le % change in average monthly flow LIACCs from control to scenario-I land-use change; 
bottom righ :% change in average monthly flow LIACCs from control to scenario-2 land-use change. 
Figure 8.4 Box-plot representations and % change in averages for comparisons between lag-I 
autocorrelation coefficients (LIACCs) of monthly flow series over month based on 100 
synthesised sequences of streamflow (original, control, scenario-1, and scenario-2) and the 
historic counterparts 
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Legend: '4 Historic % of time exceeded vs. flow (rr? /s) 
top le : original generated % of time exceeded vs. flow (m3/s) (Chapter 7); 
IW righ : generated % of time exceeded vs. flow W/s) under control land-use change; 
centrele : generated% of time exceeded vs. flow (m%) under scenario- I land-use change; 
centre righ generated % of time exceeded vs. flow (m3/s) under scenario-2 land-use change; 
bottom le % change in average % of time exceeded vs. flow (m%) from control to scenario-I land-use change; 
bottom righ :% change in average % of time exceeded vs. flow (m 
3/s) from control to scenario-2 land-use change. 
Figure 8.5 Box-plot representations and % change in averages for comparisons between flow duration 
curve for specified daily values (m 3 isý) based on 100 synthesised sequences of streamflow 
(original, control, scenario-], and scenario-2) and the historic counterparts. 
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See Figure 8.5 
Legend: [repeated for the range of 45-80 (rr? /s) shown in previous figure] -4 Historic values 
top left: original generated % of time exceeded vs. flow (m 3 Is) (Chapter 7); 
top rig : generated % of time exceeded vs. flow (m%) under control land-use change; 
centre le : generated % of time exceeded vs. flow (rr? /s) under scenario-I land-use change; 
centre, rig generated % of time exceeded vs. flow (m3/s) under scenario-2 land-use change; 
bottom le % change in average % of time exceeded vs. flow (m%) from control to scenario-I land-use change; 
bottom righ :% change in average % of time exceeded vs. flow (m 
3/S) from control to scenario-2 land-use change. 
Figure 8.6 Box-plot representations and % change in averages for comparisons between flow duration 
curve for specified daily flows (m31s) based on 100 synthesised sequences of streamflow 
(original, control, scenario-], and scenario-2) and the historic counterparts [repeatedfor the 
range of 45-80 (m 3 Is) shown in thepreviousfigure]. 
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Legend: -44 Historic log minimum run-sums (MCM) vs. number of days 
top left: original generated log minimum run-sums (MCM) vs. number of days (Chapter 7); 
top rig generated log minimum run-sums (MCM) vs. number of days under control land-use change; 
centre le generated log minimum run-sums (MCM) vs. number of days under scenario-I land-use change; 
centre righ generated log minimum run-sums (MCM) vs. number of days under scenario-2 land-use change; 
bottom le % change in average log minimum run-sums (MCM) vs. number of days from control to scenario-I 
land-use change; 
bottom righ :% change in average log minimum run-sums (MCM) vs. number of days from control to scenario-2 
land-use change. 
Figure 8.7 Box-plot representations and % change in averagesfor comparisons between log minimum n- 
day run sums (in million cubic metres, MCM) based on 100 synthesised sequences of 
streamflow (original, control, scenario-], and scenario-2) and the historic counterparts. 
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Legend: -4 Historic log storage capacity (% of MAF) vs. yield (% of MAF) 
jQp-J& original generated log storage capacity (% of MAF) vs. yield (% of MAF) (Chapter 7); 
tU rig : generated log storage capacity (% of MAF) vs. yield (% of MAF) under control land-use change; 
centre le : generated log storage capacity (% of MAF) vs. yield (% of MAF) under scenario-I land-use change; 
centre rig generated log storage capacity (% of MAF) vs. yield (% of MAF) under scenario-2 land-use change; 
bottom le % change in average log storage capacity (% of MAF) vs. yield (% of MAF) from control to scenario- I 
land-use change; 
bottom righ :% change in average log storage capacity (% of MAF) vs. yield (% of MAF) from control to scenario-2 
land-use change. 
Figure 8.8 Box-plot representations and % change in averages for comparisons between log storage 
cap a city r1o of MA F) vs. yield (116 of MA F) bas ed on 10 0 syn th es is ed s eq u en ces of s trea mflo w 
(original, control, scenario-], and scenario-2) and the historic Counterparts. 
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CHAPTER 9 
ImpAcT oF CumATE CHANGE oN GENERATED 
STREAMELOW 
9.1 Introduction 
Synthetic rainfall and potential evapotranspiration (PET) data can be viewed as indications of 
climatic variability. This also allows the study of the impact of climate change on water 
resources through investigating the resulting effects using models which produce runoff data. 
Any impact analysis must consider a range of feasible scenarios, as defined and explained in 
Chapter 2. 
For generating strearnflow sequences in a perturbed climate, it was deemed necessary not only to 
generate future rainfall, but also to generate future potential evapotranspiration. The scenarios for 
both rainfall and PET were generated independently (see Chapters 4 and 5, respectively) and 
subsequently used as inputs to the final version of the catchment response model, as described in 
Chapter 6. In order to generate synthetic rainfall series reflecting climate change, a method of 
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constructing daily rainfall scenarios through relationships with atmospheric variables is 
developed. For this, a regression approach is adopted to predict future values of mean daily 
rainfall (MDR) and proportion of dry days (PD) as functions of explanatory variables based on 
atmospheric circulation indices. These relationships were first developed for the present climate 
and then assumed to hold in a future climate, for which GCM output was used to predict future 
rainfall statistics. Then, these predicted future statistics were in turn incorporated in the NSRP 
rainfall model to estimate future values of its parameters. 
Regarding the estimation of PET reflecting climate change, numerous climate variables are 
usually involved. Complexities exist between the interactions of these many variables in 
predicting C02-induced future values (as a future scenario). The simplest way to tackle this 
problem was to focus on one very important variable, temperature. In this respect, future PET 
construction was considered to be best specified by the assumption of an empirical relationship 
between temperature and PET using predictions of temperature change. 
Since the main part of this chapter is concerned with changes only in climate and not the 
catchment characteristics, it is assumed here that the catchment land-use remains unchanged and 
that there are no changes in catchment physical and vegetation properties. This seems to be a 
good assumption and the justification is due to previous studies such as Monteith (198 1) who 
concluded that the vegetation growth is more sensitive to temperature and precipitation change 
rather than directly to C02 increase. As a complementary part in this chapter, other than the 
study of climate change impacts, a combination approach to studying of both altered climate and 
land-use impacts was also carried out. 
The climate change impact study here was carried out using the overall methodology for daily 
streamflow generation introduced in Chapter 3, performed in Chapters 4,5, and 6 and, finally, 
validated in Chapter 7. Streamflow scenarios were generated for possible future conditions 
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through the calibrated/validated ARNO catchment response model by only altering the climate 
data inputs, i. e. rainfall and potential evapotranspiration (Figure 9.1). 
This chapter is divided into sections as follows. In the next section, the work carried out in this 
chapter as well as relationship between GCMs and the relevant climate variables employed in 
this study for climate change impact assessments are summarised. Regarding the future scenario 
construction, changes to the rainfall regime were represented through reparameterizing the NSRP 
model using GCM outputs and generating hourly rainfall series. These are explained in section 
9.3. In section 9.4, the approach to generating PET scenarios derived using the Blaney-Criddle 
formula, calibrated for the present climate, is described. The chapter ends with two sections; first 
for the application of the generated rainfall and PET sequences, as future scenarios, to the study 
catchment of unaltered land-use and then of altered land-use (combined climate change and land- 
use scenarios) as well as the assessments of impacts. 
INPUTS SYSTEM OUTPUT 
(Rainfall scenario) (Catchment Model) (Streamflow scenario) 
Control 
and future Modified Synthesised simulated 
(PET scenario ARNO streamflow for future 
Control (Amol-Wl) scenario 
and future 
Figure 9.1 77ie selected approach employedfor climate change impact assessment 
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9.2 Climate Variables for Assessing Climate Change Impacts 
The assessment of climate change impacts on water resources is considered to be of crucial 
importance, with major environmental and financial implications. In this respect, estimating 
future values of climate variables such as radiation at ground surface, temperature, wind speed, 
humidity, and precipitation over long periods are the main concerns. A full weather generator 
would then be desirable (i. e. incorporating all of the above weather variables). However, it would 
be too complex to predict consistent changes to all these variables. For example, temperature is 
well predicted by GCMs and then can be an appropriate choice - although is not sufficient in 
itself to predict changes in PET. In this respect, in a new CO, -induced climate, PET is 
assumed to be affected mainly by the change in temperature rather than many other factors 
including the change in C02 itself. Therefore, temperature and particularly rainfall, as the main 
climate variables, considered to be the two decisive climate variables usually chosen for impact 
studies. 
Changes to the employed climate variables of rainfall and PET were then used as indication of 
change of climate and incorporated through the rainfall and PET modelling approaches 
introduced earlier in Chapters 4 and 5, respectively. All the changes are defined relative to the 
baseline 25-year period of recorded historic data of 1951-52 to 1975-76. 
In generating future scenarios of rainfall and PET, it is necessary first to check if the respective 
GCM outputs are capable of reproducing the observed behaviour of the present climate. The 
scenarios corresponding to the current climate are referred to as control scenarios. The new 
conditions in GCM predictions, incorporating future enhanced greenhouse gases and the direct 
radiative effect of particles such as sulphate aerosols (aerosol forcing), represented by increasing 
surface albedo, is referred to as the perturbed scenario. The GCM experiments used here to 
predict both control and perturbed scenarios are of the transient response type (CO2 forcing with 
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an increase of 1% per year). The transient response experiments are new approaches adopted 
here in contrast the equilibrium experiments, which have normally been used for scenario 
construction for 2xCO2 climates. For a further explanation of both types of experiments as well 
as the advantages of the transient approach, see the relevant sections in Chapter 2. 
The GCM outputs were obtained from the Climatic Research Unit at the University of East 
Anglia (Mitchell et al., 1995) and were based on the runs of the Hadley Centre Combined Model 
2 (HADCM2), with the experiments mentioned above and detailed further in Chapter 2. Having 
used this coupled atmospheric-ocean model, the transient daily rainfall data for a future scenario 
was constructed for a period of 30 years (2070-2099), in which the year of 2070 is approximately 
the point of doubling of C02 concentration. The results of this combined experiment, as the 
combined effect of both greenhouse gases and sulphate aerosols (a direct radiative effect) are 
employed here and denoted CON (for control case) and SUL (for perturbed case) for later 
reference. 
Rainfall is the key and most sensitive climate input for modelling the hydrological impacts of 
climate change and, as already noted, the best source of its future prediction (like other climate 
predictions) are general circulation models (GCMs) as explained in Chapter 2. However, GCM 
rainfall scenarios are not produced either with sufficient reliability or at the spatial and temporal 
resolutions required for hydrological modelling. A new method, developed by Kilsby et al. 
(1998), was then employed and used for producing suitable rainfall scenarios from the GCM 
outputs such as circulation pattcms (daily atmosphcric circulation variablcs) and tempcrature. 
As regards the approach used for rainfall estimation, the relevant results in terms of mean daily 
rainfall (MDR) and proportion of dry days (PD) for both control and perturbed climate values are 
named here as MDRCON for the control integration and as MDRSUL for perturbed integration 
(and PDCON and PDSUL, respectively). MDR and PD values were estimated from the 
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regression procedure using the HADCM2 GCM weather circulation outputs and then were used 
in a fashion (to be explained later) for modification of the respective original values to obtain 
future values (scenario), abbreviated as MDRFUT and PDFUT, respectively. Having 
incorporated these future values to re-estimate the NSRP rainfall model parameters, a future 
scenario of rainfall time series was generated. 
The approach adopted for PET data estimation in scenario construction is to use an empirical 
relationship, known as Blaney-Criddle equation, in which PET is a function of mainly 
temperature variable. The temperature values obtained from the GCM are denoted as TCON and 
TSUL (in terms of mean monthly values) as for the control and perturbed integrations, 
respectively. The procedure for PET scenarios is as follows: (i) 100 series of temperature data 
were generated, using observed daily Central England temperature (CET) data of 25 years 
together with the approach employed in Chapter 5. Then their respective Blaney-Criddle 
estimates, denoted PETBc were obtained. (ii) These Blaney-Criddle results were furthermore 
transformed to new PET data, denoted PETNEW, by employing a regression equation developed 
between the measured PET data and the respective PETBc estimates. Having generated the 
PETNEw series using the generated series of observed CET data, denoted PETCON data, they 
were validated using the original generated values through comparisons of their basic statistics. 
Since these generated PETcON data were not obtained directly from GCM outputs, it cannot be 
named as a 'control scenario' within the strict sense of meaning. However, it was named here 
simply as a 'control scenario'. The corresponding generated PET values for 'future scenario' 
were obtained by incorporating the absolute change of temperature values (i. e. AT=TSUL- 
TCON) to the observed CET data and then following the procedures described in the two 
aforementioned steps. 
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The details of the above approaches, for generation of the climate variables together with impact 
assessment, are given in the following subsequent sections. 
9.3 RainfaH Change Procedure 
9.3.1 Introduction 
General Circulation Models (GCMs) were originally developed to predict the average general 
circulation pattern of the atmosphere at the synoptic scale. Various schemes have been described 
in the literature to link GCMs to hydrological models at finer scales as previously discussed in 
Chapter 2. Here, a state-of the-art approach to bridge the gap between the coarse-resolution 
GCMs and the catchment modelling scale is described. 
Previous studies indicate that climate change simulations derived using various GCMs can differ 
significantly in their results. Therefore, any constructed scenario should not be too dependent on 
the results of a single GCM (Chiew et al., 1995). The shortcomings of GCM simulations of 
climate change limit the reliability of impacts studies on water resources. GCMs can not 
generate fine-scale detailed information on precipitation since their output is typically for a 
coarse resolution of order 5'x5', which is not appropriate for simulating rainfall series at the 
catchment-scale. Therefore, methods are needed to down-scale GCM output to the catchment 
scale. 
Stochastic rainfall generation has been chosen here as one of the most relevant statistical 
methods for scenario construction. By perturbing the statistical parameters of a stochastic model, 
calibrated on present climate rainfall data using the results of GCM experiments, it is possible to 
generate synthetic series which can be regarded as climate change scenarios. 
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Specifically, two rainfall statistics, namely monthly-mean daily rainfall (MDR) and proportion of 
dry days (PD), are predicted using GCM outputs, and the present-climate parameters of the 
NSRP model are then modified to represent the future climate. 
9.3.2 Scenario Construction (Control/Perturbed) Using Downscaling 
Approach 
Extensive studies have been performed in the literature to simulate rainfall scenarios for a future 
climate to suit small-scale catchments and for a finer resolution of time such as daily time- 
intervals. To generate rainfall time series at the catchment-scale, using atmospheric GCMs that 
typically operate at very coarse resolution of about 300x3OO km, a statistical downscaling 
method was employed. The method is based on the relationship between GCM output of 
atmospheric circulation variables and catchment average (or particularly single-site ) rainfall 
data. This method has the potential to predict rainfall statistics at a spatial resolution of even 
10x10 km. 
The downscaling approach chosen here is based on two simple regression models. In this respect, 
the rainfall statistics can be used as a function of GCM outputs in order to estimate the rainfall 
model parameters to generate rainfall time series. Among the various characteristics of daily 
rainfall data for simulation studies, the statistics which can be used in the estimation of the 
parameters of a stochastic rainfall model are, however, preferred. The statistics of monthly mean 
daily rainfall (MDR) and proportion of dry days (PD) are selected in this regard. These are the 
most reliable statistics among NSRP model statistics, in this respect, particularly when dealing 
with a downscaling approach for use in climate change studies (Kilsby et al., 1998). 
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9.3. Zl Rainfafl Prediction of MDR and PD (Regression Scheme) 
The regression approach adopted to predict the MDR and PD values over months is explained in 
detail in Kilsby et al. (1998). The independent predicted variables which were used in the 
regression were mean temperature (T) as well as four atmospheric circulation indices, namely 
vorticity ), zonal (U) and meridional (V) flows, and mean pressure (P). These four indices 
were calculated from a daily grid point Mean Sea Level Pressure (MSLP) dataset for both 
observed and GCM climate cases. The observed climate dataset covers the Northern 
Hemisphere from 1880 to 1995 at a relatively coarse resolution of 5' latitude by 10' longitude. 
However, the temperature values are derived from independent observational records. 
The regression model developed used the following additional site explanatory variables in order 
to take advantage of data which were available for a number of locations. These are elevation 
(A), Easting (E), Northing (N) and distance from the nearest coast (C). Therefore, the following 
relations were suggested. 
MDR= fl(U, V, Z, P, TA, E, N, C) 
PD = f2 (U, V, Z, P, T, A, E, N, C) 
The data used to derive these relations consisted of the daily time series of atmospheric 
circulation variables observed over a 30 year period (1961-1990) together with single site rainfall 
data for a number of stations distributed over the area. 
Northing (N) and temperature (T) were excluded from the regression model because of little 
improvement. Moreover, preferable results were found using pressure (P) rather than vorticity 
(Z) (see Kilsby et al. (1998) for detailed order of introduction of various variables). 
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The regression model was estimated as follows. For each month of each year at each site, the 
mean daily value was found for each variable to give monthly mean time series of U, V, and P as 
well as rainfall amount (MDR). In addition, the proportion of dry days (PD) was found for each 
year-month at each site to give the monthly PD time series. 
The approach, formulation, and justification of the type of regression models for MDR and PD 
have been explained in Kilsby et al. (1998). The expected value of the MDR at site i, for yearj, 
and month k, denoted Muk, was expressed as: 
E(M#k) 
-,, ý rm expfcco +CC A +cc, Ej +a, Ci +a. Ujk 
+ccVjk +a pPjk 
I Equation 9.1 
The expected value of the PD for site i, yearj, and month k, denoted PDyk, was also expressed as: 
E(PDUk) = rp /[1+exp(-(P. + P. Aj + P, Ej + PC, + P. Ujk + P, Vjk + PpPjk)ll Equation 9.2 
where r,,,, in Equation (9.1), is a correction ratio to allow for the bias resulting from 
retransformation from ln(M) to M in model fitting, and rp , in Equation 9.2, 
is again a correction 
ratio for the retransformation bias (greater than 0 and less than 1). 
Values of the regression coefficients (U, V, P, A, E, and Q together with the goodness of fit 
2 
values such as correction ratios (r) and coefficients of determination (R ), derived for England 
and Wales, are given in the following table. 
Values of regression coefficients and goodness offit 
statistics constant u v p A E C r Rý 
MDR 80.5 0.00061 -0.00718 -0.78090 0.01712 -0.17303 -0.00234 1.129 0.43 
PD -104.1 -0.00598 -0.00074 0.10247 -0.01787 0.11971 0.00143 0.994 0.53 
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The above models have been validated using the historic series of atmospheric variables (1961- 
90) to predict series of MDR and I'D for 10 km x 10 km grid squares. Mean values of MDR and 
PD for the period 1961-1990 have then been calculated. In this respect, the model values of 
MDR and PD were found to be in a reasonable agreement with the 1961-1990 Climatology of 
Barrow et al. (1993) available at the same resolution. 
Figure 9.2 shows the results of this validation for the respective monthly statistics for the upper 
Thames using 16 grid points at INIO km spacing. This figure demonstrates that rainfall is 
slightly over-predicted. The discrepancies observed, although not very significant, are due to the 
measured rainfall data which are limited to low land areas and would be minimised by 
employing a standardisation scheme, which will be explained shortly, in order not to affect the 
results of this study. 
a) Mean daily rainfall ýMDR)/mm 
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Figure 9.2 Observations and predicted monthly averages from regression models in the upper Thames 
basin (Oct. =Month 1) 
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9.3. Z2 Incorporation of GCM Outputs to Regression Equations 
Table 9.1 demonstrates the predicted monthly MDR and PD results obtained from the regression 
analysis using GCM outputs in terms of absolute change, SUL-CON (perturbed values minus 
control values). The positive or negative signs refer to the increase or decrease of the 
corresponding variables, respectively. 
As can be seen, under the predicted climate change, mean daily rainfall amounts decrease in the 
months of October-February with an exception of an increase in January, and increase for the 
period of March-September with the highest in March [average annual increase is about 0.28 
mm, with the most increase in spring (MAM), +0.74]. Regarding the proportion of dry days, PD, 
the above explanation matches here too but in reverse order [with the average annual decrease of 
about 0.03 and with the most reduction in spring (MAM), -0.07]. 
Table 9.1 Daily mean absolute changes to MDR (mm) and PD due to the hypothesised climate changeý 
perturbed (SUL) minus control (COA9 scenario rates. 
Month Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Mean 
NMR -0.39 -0.24 -0.08 +1.13 -0.04 +1.25 +0.81 +0.16 +0.30 +0.17 +0.13 +0.15 +0.28 
PD +0.06 +0.04 +0.03 -0.10 +0-01 -0-10 -0-09 -0.03 -0.05 -0.03 -0.02 -0.03 -0.03 
Regarding the estimation of monthly rainfall statistics for both the control climate conditions 
(CON) and perturbed aerosols experiments (SUL), these were derived using the regression 
equations described above with GCM output circulation indices as the independent variables. 
The results for CON and SUL conditions in addition to the observed statistics (Climatology of 
Barrows 1961-1990) are demonstrated in Figure 9.3. Some discrepancies between the GCM 
control rainfall statistics and the observed rainfall statistics are evident in this figure. 
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In order to overcome the problem of these discrepancies in deriving future (FUT) statistics, a 
standardisation scheme was adopted using the statistics of CON and SUL GCM experiments as 
well as the observed (OBS) data. 
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Figure 9.3 Observed, CON, SUL, and FUT statistics of MDR and PD in the upper Pullnes hasill 
(Oct. =Month 1) 
The future scenario (FUT), constructed for the MDR and PD statistics, was obtained througli the 
incorporation of changes exhibited in the above table to observed values by employing the 
standardisation scheme mentioned above. In this respect, on the monthly basis, relative changes 
of the two rainfall statistics, denoted FUTMDR (in millimetres) and FUTPD, respectively, were 
applied by multiplying the ratio between the statistics of the perturbed (SUL) GCM condition 
and the statistics of the control (CON) GCM condition by the corresponding observed statistics: 
FUTvalues -- 
SUL values 
x Observed values (from Climatology, 1961-90) CON values 
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The calculated FUT results are also incorporated in Figure 9.3. The reason for taking FUT values 
for future scenarios, rather than taking SUL values, lies in the fact that the CON GCM case 
failed to be validated by the observed case (OBS) as shown in Figure 9.3. This figure shows that, 
for the FUT statistics, there is a general increase in annual rainfall particularly in winter and 
spring. There is also a slight decrease in autumn rainfall. 
9.3. Z3 Future Scenario Constructionfor the Study Catchment 
In the previous section, control (CON) and perturbed (SUL) values of MDR and PD monthly 
statistics were predicted using the regression models and the values of circulation indices derived 
from the GCM outputs. The generated time series obtained by employing the NSRP rainfall 
model in Chapter 4 is used to represent the present climate condition and named 'present 
scenario'. Here, the purpose is to generate rainfall data for the corresponding future climate 
condition named 'future scenario, FUT(SIM)' using the future rainfall statistics, FUT(GCM), 
obtained from the standardisation scheme described earlier in the previous section (9.3.2.2) 
(relative or proportional scheme) but using the corresponding catchment historic rainfall statistics 
rather than those of the observed climatology (1961-90). This scheme was chosen to estimate the 
relative changes to the two rainfall statistics of MDR and PD in each month and is re-written as: 
FUT(GCM) value = 
SUL(GCM) value 
x Historic value (from study catchment) CON(GCM) value 
This approach is particularly applicable when the discrepancies between the historic and control 
scenarios are significant. Here, these discrepancies have two sources: (i) the inability of the 
GCM to reproduce satisfactorily the behaviour of the present climate and (ii) the relationships 
derived for predicting MDR and PD from atmospheric and physiographic variables relate to 
rainfall at a point, whereas the historic statistics for the study catchment relates to average 
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catchment rainfall. While the changes predicted with this approach may not be accurate in 
absolute terms, they should give good indications of the changes to be expected relative to the 
observed historic behaviour. 
As described in Chapter 4, five monthly statistics were derived from a historic series and used to 
estimate the five parameters of the NSRP rainfall model through a fitting procedure. These 
estimated parameters were subsequently employed for synthetic generation of 100 rainfall series. 
Therefore, generated daily rainfall data corresponding to a future climate condition can be 
estimated by perturbing the parameters of the NSRP model. The best procedure for estimating the 
new parameter values is to refit the model using the new statistics of the perturbed climate 
provided they have been estimated earlier for this purpose. Here, the two statistics, FUT(GCM), 
of MDR and PD, are used in re-estimating the NSRP model parameters, as reliable relations 
between other statistics used in fitting the NSRP model could not be obtained. However, MDR 
and PD are considered to be able to capture the most important changes. 
Regarding the variance statistic, it would not be expected that this statistic would remain the 
same under future conditions if the mean increases, since coefficient of variation (CV) would go 
down. In this respect, it is assumed that the respective CV would remain constant, which is a 
more reasonable assumption. This was worked out to obtain the statistics of variance (VAR) for 
future GCM condition, FUT(GCM), in each month using the statistics of MDR of future GCM 
condition and CV of present condition (historic values) as follows. 
FUT(GCM) 
= (CVrS 
! M(GCM))2 VARi x NMRI 
where, i =1,2,..., 12. 
Equation 9.3 
The Neyman-Scott Rectangular Pulses model was refitted to the corresponding predicted rainfall 
statistics of the mean daily rainfall (MDR), proportion of dry days (PD), and variance (VAR), 
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which was obtained from the procedure explained above. However, two of these three statistics, 
MDR and PD, are considered as independent statistics since VAR is somehow dependent on 
MDR, as obtained above. This re-fitting process, which uses these three statistics, is therefore 
different from the original fitting procedure, which used all five statistics (including PDD and 
PWW). In that respect, only two parameters were re-estimated, namely 4 (the mean cell 
intensity) and X (the rate of storm arrival) using MDR, PD and VAR; the other three parameters 
(p, v, and il) were assumed to remain constant in the future climate and they remained fixed in 
the refitting procedure. 
The reason that these two parameters are the most appropriate for refitting the model for future is 
considered to be due to the direct relationship between changes in these parameters and changes 
in those statistics which were defined in the rainfall model structure. In this respect, see the 
analytical relationship between the statistics and parameters in Chapter 4. 
When dealing with the parameter estimation procedure for future climate at sites, taken over a 
large geographical region, with significant climate variations, it is reasonable to assume that 
some of the NSRP model parameter estimates remain approximately constant if 
1. only a small change occurs in a NSRP model parameter, and 
2. no major changes occur in the dominant precipitation mechanism (Kilsby ct al., 1998). 
The results of the re-fitting procedure affected the two above mentioned parameters significantly. 
The new parameters in addition to the other three unaffected ones were then used to simulate 
future daily rainfall values. 
Having used the adapted fifture statistics and NSRP model, the re-fitted statistics as well as the 
means of the 100 generated sequences, FUT(SIM), in terms of Mean (MDR), PD, VAR, PDD, 
and PWW were computed. The corresponding statistics of MDR & PD, on the one hand, and 
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VAR & PWW, on the other hand, together with the historic ones are shown in FigUre 9.4 and 
Figure 9.5, respectively. The MDR, PD and VAR are satisfactorily fitted (marked Refitted in the 
above Figures) to the future statistics, marked FUT(GCM), and then used to generate 100 
sequences in which their means were calculated and shown as FUT(SIM). The results of PWW 
are also represented bearing in mind that for this and PDD no future statistics from GCM outputs 
had been obtained. 
The statistics of MDR and VAR (shown in Figure 9.4(a) and Figure 9.5(a)) when compared with 
the historic ones (marked HIS in the Figures) indicate a substantial increase in January and 
marked increase in March and April (months 4,6, and 7, respectively). The results for MDR in 
Figure 9.4(a) follow more or less the pattcm and the order of magnitude of the regression outputs 
of the corresponding statistics in Figure 9.3(a). Regarding the statistic of PD in Figure 9.4(b), it 
follows the pattern of the regression outputs in Figure 9.3(b) but not the order of magnitudes. A 
substantial decrease is evident here. The reason for this discrepancy lies in the fact that the 
historic statistics for the study catchment, used for both the original work in chapter 4 and further 
here for their adaptation using the results from regression outputs, relates to average catchment 
rainfall as explained earlier. Therefore, it is expected to have a lower PD when these are 
compared with the point daily rainfall statistics used for Figure 9.3. 
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Figure 9.4 Suinmary statistics (MDR and PD) for 100 siniulated sequences (FUT(SIM)) compared to 
historic (HIS), refitted and FUT(GCM) statistics for upper Thaines catchnient rainfall 
(Oct. =Month 1) 
Having calculated the basic statistical characteristics (mean, variance, lag-one autocorrelation 
coefficient (LIACC), and skewness coefficient (SQ) of 100 generated series for future climate, 
the results are shown in Table 9.2 together with the results for the original simulated series 
(Chapter 4) and the historic counterparts at daily, monthly, and annual levels. In this table, 
generally, the mean values show an overall increase in rainfall amount of around 14% mainly in 
January (see Figure 9.4). The significant increases in daily as well as monthly variances are also 
noted. The increase of annual variance is demonstrated as around 25%. 
The daily rainfall sequences generated using the new NSRP model parameters estimated for 
future conditions would then be employed as one of the inputs to the adapted ARNO 
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hydrological model (Chapter 6) in order to evaluate the impact on the future climate streamflow 
regime of the study catchment in Section 9.5. 
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Figure 9.5 Summary statistics (VAR and PWW), GCM VAR in FUT. ft)r constant CV between historic 
andfuture conditions. PWW has not been defined in GCM. luture climate (Ocl. =Month 1) 
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Table 9.2 Comparison of basic statistical characteristics (mean, variance, lag-one autocorrelation 
coefficient (LIACQ, and skewness coefficient (SQ) of historic and the corresponding 100 
generated series of daily rainfall data in both present andfuture climate, at daily, monthly 
and annual levels. 
Level Type of data, statistics, and Mean Variance LIACC SC. 
climate scenario (mm) (nun) 
2 
Historic 2.02 16.14 0.231 4.61 
generated present 2.02 14.68 0.244 3.84 
daily sequences: (0.003) (0.88) (0.000) (0.15) 
mean future 2.30 18.18 0.244 3.73 
(variance) (0.00) (1.05) (0.000) (0.09) 
Historic 2.02 1.21 0.041 0.58 
generated present 2.02 1.06 0.050 0.82 
monthly sequences: (0.003) (0.01) (0.004) (0.04) 
mean future 2.30 1.38 -0.013 0.84 
(variance) (0.00) (0.02) (0.002) (0.04) 
Historic 2.02 0.08 0.224 -0.41 
generated present 2.02 0.08 -0.042 0.13 
annual sequences: (0.003) (0.001) (0.041) (0.18) 
mean future 2.30 0.10 -0.033 0.12 
(variance) (0.00) (0.00) (0.029) (0.22) 
9.4 Potential Evapotranspiration Scenarios (Present and Future 
Conditions) 
9.4.1 Introduction 
The estimation of potential evapotranspiration (PET) has been described as a function of the land 
surface (e. g. open water, grass) as well as climatic variables such as temperature, humidity, net 
radiation, and wind speed. However, a method for predicting future PET based on the use of all 
of the variables was beyond the scope of the present study, and so a simpler approach, based on 
temperature, was employed. Moreover, GCM surface temperature is considered to be more 
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reliable than other surface variables. Temperature-based methods used for this purpose have 
included the Thomthwaite or Blaney-Criddle fomiulae (e. g. Cohen (1986) or Bathurst et al. 
(1996)). It is implicitly assumed with this approach that actual evapotranspiration will also 
increase due to global warming, even though plants may become more efficient and transpire less 
water. However, no clear and definitive results on the effect of C02 on transpiration are yet 
available. 
However, it is known that temperature is not, in itself, a good predictor of PET. Therefore, a 
regression equation was used to link the historic PET data, estimated using the Penman 
formula, with PET estimated using the temperature-based Blaney-Criddle approach, PETBc, to 
allow better estimates of future PET to be obtained. 
The method of generating future PET data involved the following steps: 
1. Stochastic generation of synthetic sequences of daily temperature by applying the model 
fitting procedure, described in Chapter 5, to the historic series and then to the respective 
predicted future series . This is followed by the calculation of PETBc estimates using the 
Blaney-Criddle equation. 
2. Estimation of new PET series (PETNEW) using a regression equation to obtain generated 
PET scenarios for both the present/control condition and the future scenario. 
9.4.2 PET Generation Using Blaney-Criddle Formula 
9AZI Method 
Although the Blaney-Criddle formula is traditionally based on monthly data, with the availability 
of sufficient daily temperature data, it was used here to estimate daily PET values as adopted by 
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Shaw (1994). For enriched C02 concentrations, GCMs only predict with some certainty a 
change in the long-term mean temperature. Therefore, only the long-term mean monthly 
temperature will be subi ect to modification here. In this respect, GCM temperature differences of 
the control (CON) and perturbed (SUL) cases (i. e. AT=TSUL-TCON) were applied to the mean 
monthly recorded data to construct a future (FUT) temperature scenario. The daily-based Blaney- 
Criddle equation employed is as follows: 
PEBC= Kp(O. 46T.,,. + 8.13) Equation 9.4 
where K is a coefficient which in turn is a function of the region and cultivation, p is mean daily 
percentage (for the month) of total annual daytime hours, and T,, e is average daily temperature. 
This can be calculated in one of the two following ways: 
T= 









with T,, i, and T ..... as the minimum and maximum temperature over the time period and n as the 
number of Ti's averaged over the period (usually a month or a day). 
9.4. Z2 Data Availability and Analysis 
Climate predictions, due to possible future C02 enrichment (e. g. a doubling), show that the 
average surface air temperature of the earth would be increased by about 1.5-4.5 *C. The global 
increase is estimated to be 2.45 *C by 2100, as reported by Houghton et al. (1992). 
Since historic daily temperature data were not available for the study catchment, the Central 
England Temperature (CET) series, which were considered to be representative of the study 
CHAPTER 9 IMPACT OF CLIMATE CHANGE ON GENERATED STREAMFLOW 256 
catchment, were taken from Parker et al. (1992). The CET data were employed, as an 
explanatory variable, for generating daily PET data as far as scenario construction is concerned. 
This assumes that, of the two variables in the Blaney-Criddle equation, temperature is the only 
variable associated with climate change. The reason for this is that the process is complex and 
the effects of other variables on PET estimates are not yet understood. So the relative sunshine 
and K values were assumed not to be affected. Moreover, the GCM temperature output results in 
terms of control (CON) and perturbed (SUL) values for the period of 2070-2099 (30 years) were 
obtained from the transient sulphate predictions of the GCM Hadley Centre (Mitchell et al., 
1995). These values, in terms of absolute change, AT, as well as the climatological (mean 
monthly) values of CET series, employed as observed temperature, are exhibited in Table 9.3. 
The positive signs for AT refer to the increase of the corresponding temperature variable. 
As can be seen, under the predicted temperature change, AT, an increase in temperature for all 
months is noticed with the highest in January and February (average annual increase is 2.74 * C, 
with the most increase in winter, DR, of +3.5). The AT values are approximately in the above 
mentioned range of global temperature increase. 
Table 9.3 Daily mean absolute changes to temperature, AT C Q, due to the hypothesised climate 
change, perturbed (SUL) minus control (CON) scenario rates together with climatological 
values of CET (Q and mean day length values, D (hours). 
Month Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Mean 
D 10.60 8.80 7.80 8.25 9.85 11.80 13.80 15.60 16.55 16.10 14.60 12.65 12.20 
CET +10.4 +6.5 +4.7 +3.9 +3.7 +5.6 +8.1 +11.4 +14.4 +15.9 +15.7 +13.5 +9.48 
AT +2.3 +2.1 +2.7 +3.9 +3.8 +3.2 +2.5 +2.7 +2.2 +2.2 +2.7 +2.6 +2.74 
In Equation 9.4, the values of mean daily percentage of total annual hours of sunshine, p, also 
needed to be incorporated. The p values supplied to the equation for each calendar month (i), 
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i--I, 2, ..., 12, using D as mean day length hours at latitude 52" (the approximate value for the 
study catchment (MAFF, 1967) shown in Table 9.3), are calculated by the following equation. 
P, = -Di x 100 Equation 9.7 5 6. L 5 
12 
Figure 9.6 shows the calculated p values calculated for one typical year. 
Since a regression equation is to be used to link the temperature-based Blaney-Criddle estimates, 
PETBc, to the Penman estimates (denoted historic PET) in order to obtain better estimates for 
generated PET data, denoted PETNEw, the constant in Equation 9.4 (K) could take any value; a 




Figure 9.6p values obtainedfor one typical year 
9.4. Z3 PETScenario Construction 
The procedure for generating PET scenarios is as follows: (i) 100 series of temperature data 
were generated using observed 25-years daily Central England temperature (CET) data together 
with the approach employed in Chapter 5. (ii) These generated data were used as input to the 
Blaney-Criddle equation (Equation 9.4) to obtain the so called 'Blaney-Criddle estimates of 
456789 10 11 12 
Month (Oct-Sep) 
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PET, denoted PETBC, for the present/control condition. Having added the AT values of Table 
9.3 to historic daily series of CET uniformly for each respective month, an altered daily 
temperature time series was obtained corresponding to the future CET values. Again following 
the procedure described above, first the future generated daily CET data were generated and then 
used to estimate the respective PETBc values for future condition. To recap, the model employed 
for the generation procedure was constructed through a2 step approach; (a) a harmonic series 
was fitted to data first in order to model the seasonal cycle; (b) an ARIMA model was then fitted 
to reproduce the autocorrelated variations from the seasonal cycle. 
However, these generated scenarios need to be adjusted according to a regression approach 
introduced in the following section. 
9.4.3 Regression of Blaney-Criddle PET Estimates on Observed Estimates 
The PET Blaney-Criddle estimates generated in the previous section were adjusted to obtain a 
new PET series of data, denoted PETNEw , by employing a regression equation 
developed 
between the observed PET data and the respective PETBc estimates. 
As far as the present/control climate condition is concerned, i. e. using observed CET data, since 
these new generated series (PETNEw ) were not obtained from GCM outputs, they cannot be 
named 'control scenario' within the strict meaning of the term. However, since these are used in 
a validation procedure, using a comparison scheme between their basic statistics and of the 
original series, the name 'control scenario' is given to them arbitrary and denoted 'PETcON'. 
Regarding the future scenario, the new generated estimates are, moreover, denoted TETFUý for 
further reference. 
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As discussed earlier, this regression procedure was considered necessary in order to adjust the 
estimated PETBc amounts using the more reliable observed data. In this respect, the observed 
PET values were regressed on the PETBC estimates to implement scenario construction. 
To establish the regression model, a scattergram of 25 years of daily historical PET values versus 
PETBc values was performed as demonstrated in Figure 9.7. In this respect, it was found that a 
linear relationship between the explanatory (PETBc) and the dependent (PE. T) variables fitted the 
data best. The linear equation is as follows: 
PETsEw =C+mxPETBc Equation 9.8 
where m and C are the gradient and Y-axis intercept, respectively. The estimated regression 
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Figure 9.7 Scattergram between PETBC estimates and PET historical data 
This is the equation that was used to adjust the 100 generated series of PETBC data to obtain 
PETcON and PETFuT scenarios. 
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Table 9.4 Regression constants (C & m) and coejficient of determination (R2) of a linear regression of 
PET (mm) on Blaney-Cridlefor daily data over the 25 years (1951-1976). 
Name Intercept, C Gradient, mW 
(unit) (MM) -N 
Constants -1.331 0.772 90.0 
9.4.4 Results and Discussions 
The observed CET mean daily values and the corresponding average of 100 generated series over 
months under both present and future conditions, are plotted in Figure 9.8. As seen, the generated 
series of CET for the present/control condition represented the observed CET data very well. 
This also validates the generation procedure. As regard the generated series for future CET data, 
the mean value were calculated as 12.22 mm compare to the value of 9.48 mm (for generated 
control series). In this respect, an overall increase of 29% was obtained which is very well 
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Figure 9.8 Seasonal values of mean daily observed CETas well as the respective mean of 100 sequences 
ofgenerated seriesfor both present and infuture conditions. 
Having incorporated the CET data into the PETBc fonnula (equation 9.4) to generate PETBC 
values and applied the regression relationship (equation 9.8), in turn, to the PETBC values for 
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both control and future conditions, PETcON and PETFU-r data were obtained. The corresponding 
basic statistics are presented in Table 9.5. The original scenario in this table, which represents the 
statistical results for the generated PET series obtained and explained in Chapter 5, is shown just 
for an easy comparison with the generated PET data for the control condition. 
Table 9.5 Comparison of basic statistical characteristics of historic, and 100 sequences of generated 
series for daily PET data for original, control, and future climate, and daily, monthly and 
annual aggregation levels. 
Level Type of data, statistics, and Mean Variance LIACC SC 
PET scenarios (conditions) Mm 
(mm) 2 
Historic 1.44 1.35 0.998 0.39 
generated original 1.44 1.36 0.997 0.39 
sequences: (0.00) (0.00) (0.00) (0.00) 
daily mean control 1.42 1.17 0.99 0.25 
(variance) (0.00) (0.00) (0.00) (0.00) 
future 1.67 1.28 0.99 0.20 
(0.00) (0.00) (0.00) (0.00) 
Historic 1.44 1.32 0.835 0.39 
generated original 1.44 1.31 0.85 0.36 
sequences: (0.00) (0.00) (0.00) (0.00) 
monthly mean control 1.42 1.10 0.85 0.22 
(variance) (0.00) (0.00) (0.00) (0.00) 
future 1.67 1.20 0.85 0.18 
(0.00) (0.00) (0.00) (0.00) 
Historic 1.44 0.02 0.406 1.31 
generated original 1.44 0.01 -0.02 0.08 
sequences: (0.00) (0.00) (0.04) (0.20) 
annual mean control 1.42 0.001 -0.05 0.08 
(variance) (0.00) (0.00) (0.04) (0.19) 
future 1.67 0.001 -0.05 0.08 
I I I 1 0.00) (0.00) 1 (0.04) 1 (0.19)_j 
The comparison in Table 9.5 between original and control scenarios, in which the basic statistics 
are very much the same, confirms the appropriateness of the methodology employed. Generated 
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series of future PET data demonstrate a relatively lower increase in the mean (by 18%) when 
compared to of the CET data, and an increase of about 9% in both mean daily and monthly 
variances. Other statistics remain approximately unchanged for future condition. 
9.5 Water Resource Impact Assessment 
In hydrology, methods for calibrating and validating hydrologic models under constant and/or 
changing climate conditions have been discussed (Klemes, 1985). It is generally accepted that 
under changing conditions, validation is more difficult. For the constant climate condition, 
validation has already been described in Chapter 6. However, in climate change circumstances, 
the recognised methods are known as differential-split-sample and proxy-basin differential split- 
sample tests (Klemes, 1986). These test methods have been employed for wet and dry climate 
conditions as separately (one for calibration and the other for validation). In predicting climate 
change impacts, it is assumed that the model, once validated, can predict reliably catchment 
responses under future climates. 
Having generated both scenarios of rainfall and PETfor a future climate, these were applied as 
concurrent inputs to the adapted semi-distributed rainfall-runoff (ARNO) model to produce 
future strearnflow scenarios. The water resources impacts were assessed by generating 100 
streamflow sequences together with employing the box-plot representation as explained and 
discussed in Chapter 7 (see Figures 9.9-916). The original results obtained in Chapter 7 are also 
demonstrated in each of the corresponding figures for ease of comparison. Under both present 
and future climates, the results in terms of Stage-1 validation are presented in the next section. 
With regard to Stage-2 validation, the low flow analysis results are also presented in the 
subsequent section (see Chapter 7 for definitions of Stage-I and Stage-2 validation procedures). 
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9.5.1 General Assessment 
The climate change results in terms of basic statistics for various aggregation levels and, 
moreover, in terms of seasonal variations, are presented in Table 9.6 and Figures 9.9-9.11, 
respectively, in addition to the historic and original generated values that were already obtained 
and demonstrated in Chapter 7, Figures 7.2-7.4. 
The results in Table 9.6 suggest that the mean values under future scenario will be increased by 
about 7% (to recap, the future rainfall and PET will be increased by 14% and 18%, 
respectively). Table 9.7 has also been prepared to summarise the results for the mean values. 
Mean variances have also increased generally by about 27% and 26% at the daily and monthly 
levels, respectively. 
Table 9.6 Comparison of basic statistical characteristics of historic, and 100 simulated series of daily 
streamflow for both originallpresent and future climate, for daily, monthly and annual 
aggregation levels. 
Level Type of data, statistics, and Mean Variance UACC SC 
climate condition m% (m%)2 
Historic 13.72 207.87 0.95 1.98 
generated original/present 13.29 188.68 0.99 2.09 
daily sequences: (0.76) 1 (635.82) (0.00) (0.09) 
mean future 14.17 240.40 0.99 2.24 
(variance) (0.88) (1380.8) (0.000) (0.11) 
Historic 13.79 149.81 0.67 1.29 
generated original/present 13.37 147.23 0.70 1.48 
monthly sequences: (0.77) 1 (399.78) (0.00) (0.05) 
mean future 14.27 184.75 0.68 1.48 
(variance) (0.89) (809.24) (0.001) (0.05) 
Historic 13.72 24.98 -0.10 -0.18 
generated original/present 13.29 19.68 -0.01 0.28 
annual sequences: (0.76) 1 (26.66) (0.04) (0.23) 
mean future 14.17 20.88 -0.01 0.27 
(variance) (0.88) (39.96) (0.03) (0.24) 
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Table 9.7 Resultsfor average of 100flow means as well as seasonal meansfrom generated sequences 
using Table 9.6 and Figure 9.9 under climate change scenarios 
Changes in future Changes in future strearnflow scenanos using 
climate scenarios seasonal results overall results 
rainfall (+14%) + potential increase of up to 60% (in 
evapotranspiration (+18%) spring, and surnmer) md increase up to about 
(see Figure 7.2 in Chapter 7& Figure decrease of up to 40% (in 7% 
9.9, in Us chapter) autumn, and winter) 
In seasonal terms, an increase of up to 60% in the mean will occur in spring (MAM) and summer 
(JJA) (predominantly in April) and a decrease of up to 40% in autumn (SON) and winter (DJF) 
(predominantly in November), a general tendency for increase in the seasonality of flow. In this 
respect, see Figure 9.9 for original and future climate, and percentage change between original 
and future generated series. Comparisons of the seasonal results for the variance and lag-one 
autocorrelation coefficient are moreover shown in Figures 9.10 and 9.11, respectively. Regarding 
the variance, there are significant increases of up to 150% and decreases of up to about 70% with 
the same behaviour as observed in the seasonal means (Figure 9.9). Figure 9.11 shows no 
significant seasonal changes in the lag-one autocorrelation coefficient. 
9.5.2 Low Flow Impact Assessment 
A systematic validation approach was, moreover, implemented here to allow inter-comparison of 
results for both conditions using flow duration curves, minimum n-day run sum characteristics, 
and the standardised storage-yield relationships with those for the observed historic records; 
these are presented in Figures 9.12 to 9.16. 
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Flow Duration Curve 
A flow duration curve demonstrates the relationship between any given discharge and the 
percentage of time that the discharge is exceeded (see Chapter 7). Figures 9.12-913 present the 
flow duration curve box-plot diagrams for future climate as compared with the present climate, 
which was previously obtained in Chapter 7, Figures 7.6-7.7. The diagrams were constructed for 
specific flow values (range of about 0- 80 m 3/S). 
It can be seen that the variability has not changed significantly (the distribution of the % of time 
exceeded vs. flow values remained unchanged) except for flows higher than 50 m3/s (Figure 
9.13), which show a significant increase (extreme values increased). From the climate change 
point of view, for flow values of more than 5m 3/S, there is a gradual increase in the mean of the 
of time exceeded. However, for the high flows, this measure (% of time exceeded) has 
increased by more than 100% (more frequent high flows). In terms of groundwater contribution, 
i. e. for about Q90 (as described in Chapter 7, Section 7.4.2.1), the future climate presents virtually 
no change, as seen in the bottom left graph, which is the case for values of less than 5 M3/S. 
Minimum n-day run sums 
The plots for logarithmic values of minimum n-day run sums for both original/present and future 
climate cases are shown in Figure 9.14. The plot, which shows the percentage change of run 
sums for the averages of the generated series, demonstrates an increase of less than 10% for n- 
day periods due to the change of climate. The exception is for n around 100 days which shows a 
very small percentage decrease. This is an indication of slightly more resources particularly for 
500 days and over. 
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Storage-Yield Relationship 
In the storage capacity vs. standardised yield (both as % of mean annual flow, MAF) diagram in 
Figure 9.15, the storage capacity values were transfortned to logarithmic magnitudes in order to 
obtain a better indication of both variability and change. This is highlighted particularly for the 
lower yields. By this type of representation (logarithmic values in abscissa), the objective here is 
to compare the results in the sense of climate change impacts. However, it is not possible to 
obtain the storage capacity values directly from the two top plots in this Figure; rather anti- 
logarithmic amounts should be obtained for this purpose. The results show that (as a result of 
climate change) the capacity needed to satisfy the yields of more than 40% of MAR would be 
subject to a decrease of up to about 40%. 
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9.6 Combined Land-use and Climate Change Impact Study 
9.6.1 Introduction 
What was studied earlier regarding the impact assessments of changes in (a) land-use and (b) 
climate dealt with studies of potential future changes of one without the alteration of the other. 
However, an assessment study may also be carried out by adopting future alterations of both 
land-use and climate. In this respect, it is assumed that future changes in land-use would be in the 
same time horizon as future changes in climate. 
In this section, water resource impacts are studied under future conditions for both land-use and 
climate. The land-use change scenario, chosen here for the future, was defined in chapter 8 as 
scenario-2, in which forest areas increased to 40% from the present condition of 10% (see 
Chapter 8, Table 8.7). The scenario-I in this table was not considered here mainly due to 
relatively less effects on water resources than of scenario-2. For the case of climate change, the 
scenario, which was defined in this chapter (see Section 9.5 above), is employed here. 
9.6.2 Impact Assessment 
As a result of combined future scenarios for both land-use (through rainfall-runoff model) and 
climate (through rainfall and PET models), the corresponding scenario for future values of daily 
streamflow is obtained. This was carried out and the respective results in terms of both Stage-1 
(general assessment) and Stage-2 (low flow assessments) (see Chapter 7, Section 7.4) are 
discussed here. The impact assessment procedure is generally the same as that explained in 9.5 
above. 
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9.6. Z1 General Assessment 
The results for the combined future scenario are demonstrated in Table 9.8 and Figures 9.16-9.18 
in addition to the historic and original generated values (present scenario), as has been shown in 
Chapter 7, Figures 7.2-7.4. The results in Table 9.8 demonstrate that the mean would be subject 
to a decrease of 19%. Regarding the daily variance, the corresponding value is decreased (-29%). 
Moreover, the respective changes in monthly variances is -33% and in the level of annual 
variances is -30%. 
Figures 9.16-9.18 present the monthly means, variances and lag-one autocorrelation coefficient 
for present and future scenarios using box-plot representations. In the case of the monthly 
variation of the means (Figure 9.16), the variation is periodic with a decrease of up to about 50% 
in winter (mainly in December) and an increase of up to about 25% in summer (mainly in 
August). Figure 9.17, moreover, shows the monthly variation of variances in which the 
corresponding changes are up to about a 70% decrease and a 45% increase, which would occur in 
autumn (mainly in November) and spring (mainly in April), respectively. With regard to Figure 
9.18, which demonstrates monthly variation of the lag-one autocorrelation coefficient, the 
corresponding change would be irregular and up to about 15% increase in May together with a 
15% decrease in June. 
9.6. Z2 Low Flow Impacts Assessment 
The observed and generated daily flow series were analysed using the box-plot procedure in 
terms of (1) flow duration curves, (2) minimum n-day run sums, and (3) storage-yield 
relationships for future scenario. These together with the relevant results for historic and 
original(present) generated values, already presented in Chapter 7 as Figures 7.6-7.10, are shown 
in Figures 9.19-9.22 for case of comparison. 
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Figures 9.19-9.20 show the flow duration curve diagrams which demonstrate the relationship 
between any given discharge and the percentage of time that the discharge is exceeded. As 
indicated in Chapter 7, the box-plots are constructed only for specific flow values (range of 
values of about 0 -80 m3/s). The box-plot of flow duration curves shows a consistent decrease 
from about zero (at small discharges) to up to about 45% (at discharge of 50 m3 /s) and then 
increases to about 30% at discharge of 80 m3/s. Regarding the groundwater contribution, which 
can be studied generally among the values of less than 5 m3/s, the future scenario presents 
slightly less contribution (about 2%) than the present condition (see Figure 9.19, for about Q90, 
as defined in Chapter 7, Section 7.4.2.1). 
Table 9.8 Comparison of basic statistical characteristics of historic, and 100 simulated series of daily 
streamflowfor both originallpresent andfuture land-use and climate (combined), for daily, 
monthly and annual aggregation levels. 
Level Type of data, statistics, and Mean Variance LIACC SC 
land-use & climate condition m3/s (M3/S)2 
Historic 13.72 207.87 0.95 1.98 
generated original/present 13.29 188.68 0.99 2.09 
daily sequences: (0.76) (635.82) (0.00) (0.09) 
mean future 10.82 134.75 0.98 2.58 
(variance) (0.64) (599.45) (0.000) (0.20) 
Historic 13.79 149.81 0.67 1.29 
generated original/present 13.37 147.23 0.70 1.48 
monthly sequences: (0.77) (399.78) (0.00) (0.05) 
mean future 10.89 98.96 0.64 1.73 
(variance) (0.65) (332.22) (0.001) (0.10) 
Historic 13.72 24.98 -0.10 -0.18 
generated original/present 13.29 19.68 -0.01 0.28 
annual sequences: (0.76) (26.66) (0.04) (0.23) 
mean future 10.82 13.86 0.02 0.35 
(variance) (0.64) 1 (19.64) 1 (0.03) 1 (0.26) 
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Table 9.9 Resultsfor average of 100flow means as well as seasonal meansfrom generated sequences 
using Table 9.8 and Figure 9.16 under land-use and climate change scenarios 
Changes in future land-use & Changes in future strearnflow scenarios using 
climate scenarios seasonal results overall results 
Land-use: grass (-30%) and forest 
(+30%) 
increase of up to 25% (mainly 
in summer) decrease up to about 
Climate: rainfall (+14%) and potential 
evapotranspiration (+18%) 




Figure 9.21 exhibits the box-plot representation of the minimum n-day run sums (n varies from 
1-1000 days). The results, in logarithmic values, show that, particularly for the duration range of 
10-1000 days, there is a consistent (continuous) decrease in minimum n-day run sums from about 
zero up to about 20% under the future scenario. This implies significantly less resources. 
Figures 9.22 also shows the box-plot of storage-yield relationship in which the logan Ic 
values of capacity are plotted versus the selected values of standardised yields. The results for 
future scenario demonstrate that the capacity needed to satisfy various yields increases from 10% 
(at yield of 10% MAF) to 2 10% (at yield of 100% MAF). That is, the storage needed to meet the 
yields of about 70-100% of MAF can be about 200% more under the future scenario. 
9.7 Summaty and Concluding Remarks 
In this chapter, the adapted ARNO model simulations were run for 100 sequences of 25 years, 
incorporating changes in (1) rainfall corresponding to increased (approximately, doubling) of 
atmospheric C02 concentration, and (2) temperature (through potential evapotranspiration, 
PET) to estimate future values of daily strearnflow (future scenario). The work exploited the 
results from the latest HADCM2 GCM output (surface pressure data) in a full assessment of 
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water resources including serial and seasonal statistics as well as the low flow characteristics of 
generated streamflow values. 
(1) Regarding the future rainfall scenario construction, the overall approach selected is two-fold. 
(i) GCM outputs of circulation indices were employed to predict daily rainfall statistics using a 
regression approach to scale regional rainfall statistics down to the study catchment's rainfall 
statistics. The downscaling method mainly relies on the realism of the GCM control scenario for 
credibility of the results. However, the GCM control scenario, in terms of rainfall statistics, was 
not realistic. Therefore, a standardisation scheme based on historic statistics was used to derive 
future GCM rainfall statistics. (ii) Having employed the NSRP model and a reparametrization 
method, using future rainfall statistics obtained from (i) above, synthetic daily rainfall values for 
a future scenario were generated for the study catchment. With respect to the type of GCM 
scenario construction, a transient experiment was employed and used incorporating the increase 
of greenhouse gases and the effect of particles such as sulphate aerosols, rather than the 
traditional approaches, which used an equilibrium experiment and/or greenhouse gas alone 
incorporated. 
(2) Regarding the future PET scenario construction, a methodology was developed and used 
using a temperature variable. The method followed a two step approach; (i) firstly, daily 
temperature series were generated and then transformed to PET estimates using the Blaney- 
Criddle formula and, secondly, (ii) a regression equation of Blaney-Criddle estimates on Penman 
historic values was developed and thus employed to obtain new PET estimates using the old 
PET estimates, calculated from (i), for both control and future conditions. With respect to the 
former, daily temperature data were generated by a stochastic method described in Chapter 5. 
Both synthetic sequences of rainfall and PET values obtained as future scenarios were routed 
into the adapted ARNO catchment response model to assess the impacts of climate change on 
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water resources in the study catchment. This was performed (a) once assuming the land-use 
remained unaltered and (b) then assuming the land-use altered. The future land-use, in this 
respect, was the one incorporated in the adapted ARNO model as scenario-2 (see Table 8.7), 
defined and used in Chapter 8. 
The results generally indicated an increase of annual flow occurring mainly in spring and 
summer times, without alteration in land-use (a), and a decrease of annual flow occurring mainly 
in autumn and winter, with alteration in land-use (b). Regarding the low flow characteristics, the 
results obtained, with the (a) condition, suggested that the catchment water resources would not 
be affected badly and, while, with the (b) condition, it would lead to a significant reduction in 
water yield, that is, more storage capacities are needed to satisfy the yields of 70% - 100% of 
MAF (see Figure 22). 
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Legend: -4 Historic monthly flow means (ni'/s) 
top left: generated monthly flow means (m'/s) under 
present climate (Chapter 7); 
top right: generated monthly flow means (m'/s) under 
future climate; 
le-fL- % change in average monthly flow means relative to 
the present generated series. 
Figure 9.9 Box-plot representation and % change in averages for comparisons between average qf 
monthlyflow series over month based on 100 synthesised sequences of streaniflow (present 
andfiiture) and the historic counterparts 
-DE, 
Legend: Historic monthly flow variances (m'/s) 
top le : generated monthly flow variances (n, 3/S)2 under 
44 present climate 
(Chapter 7); 
xx top righ : generated monthly flow variances (m 
under future climate; 
(M3/S)2 I V. % change in average monthly flow variances 
relative to the present generated series. 
Figure 9.10 Box-plot representation and % change in averages for comparisons between variances of 
monthly flow series over month based on 100 synthesised sequences of streaniflow (present 
and. future) and the historic counterparts 
CHAPTER 9 IMPACTOF CLIMATE CHANGE ON GENERATED STREAMFLOW 
x 
* *1 Z 4- * * + f * 4- 
x x x x 
274 
I- IEB m., 
Legend: -4 Historic monthly flow LIACCs 
top left: generated monthly flow LI ACCs tinder present 
climate (Chapter 7); 
top right: generated monthly flow I-lACCs tinder future 
climate; 
left; % change in average monthly I, IA('('s relative to 
the present generated series. 
Figure 9.11 Box-plot representation and % change in averages for comparisons between lag-I 
autocorrelation coefficients (LIACCs) of monthly flow series over nionth based oil 100 







Legend: -4 1 listoric 'Y. of time exceeded vs. flow (m 3 /S) 
X 
XX 
top le : generated %) of time exceeded vs. flow (m'/s) 
X under present climate 
(Chapter 7); 
XXX 
top right: generated 'Yo of time exceeded vs. flow (m /s) 
+...... 
under future climate; 
-II 
left: % change in average %, of time exceeded vs. flow 
2" JC 5ý 4U 4ý 50 fi5 60 65 T relative to the present generated series. 
Figure 9.12 Box-plot representation and % change in averages foi- comparisons between flow duration 
curve for specified daily flows (in 3 ls) based on 100 synthesised sequences of'streaniflow 
(present andfuture) and the historic counterparts. 
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Legend: (repeated for the range of'45-80 ni"s shown in 
the previous figure) 14 Historic (Yo oftime exceeded vs. 
now (M3/S) 
See previous Figure 
top le : generated 'Yo of time exceeded vs. flow (n, 3/S) 
under present climate (Chapter 7); 
top righ : generated % of time exceeded vs. flow (M3/S) 
under future climate; 
I t: 'YO change in average (Yo of' time exceeded vs. flow 
relative to the present generated series. 
Figure 9.13 Box-plot representation and % change in averages for comparisons betweenflow duration 
curve for specified daily flows (in-? Is) based on 100 synthesised sequences (ýI'slreanlj7olv 
(present and future) and the historic counteiparts (repeated fim- the range of'45-80 (1? 1*'/, V) 
shown in the previous figure). 
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Legend: -44 Historic log minimum run sums (MCM) vs. 
number ofdays. 
tol2 le : generated log minimum run sums (MCM) vs. 
number of days under present climate (Chapter 7); 
top righ : generated log minimum run sums (MCM) vs. 
number of days under future climateý 
left: (Yo change in average log minimum run sums 
(MCM) vs. number of days relative to the present 
generated series. 
Figure 9.14 Box-plot representation and % change in averagesfor comparisons between log minimum n- 
day run sums (in million cubic metres, MCM) based on 100 synthesised sequenc(-ýs Qf 
streamflow (present andfuture) and the historic counterparts. 
CHAPTER9 IMPACTOFCLIMATE CHANGE ON GFNFRATED S'l RFAMFLOW 276 
31 
20 











Legend: -4 Historic log storage capacity (%, of MAF) 
vs. yields ('X) ofMAF). 
0 of' MAF) vs. ýft: generated log storage capacity ('Y 
yields (% of MAF) under present climate (Chapter 7); 
top righ : generated log storage capacity (% of MAF) vs. 
yields (% of MAF) under future climate; 
left % change in average log storage capacity ('Yo of' 
MAF) vs. yields ((Y(, of' MAF) relative to the present 
generated series. 
Figure 9.15 Box-plot representation and % change in averages ft)r comparisons between log storage 
capacity ('/0 of MAF) vs. yield (0/o of MAF) based on 100 synthesised sequences qf'streaniflow 
(present andfuture) and the historic counterparts. 
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Legend: 11 istoric monthly flow means (ni'/s) 
3 top le : generated monthly flow means (nl'/S) under 
present climate (Chapter 7); 
top righ : generated monthly flow means (m 3 /s) under 
future land-use & climate; 
idt % change in average monthly flow means relative to 
19 10 11 12 the present generated series. I 
Figure 9.16 Box-plot representation and % change in averages f6r comparisons between average oj' 
monthly flow series over month based on 100 synthesised sequences oj'slreaniflow (present 









Legend: '41 Historic monthly flow variances (M3/S)2 
top left: generated monthly flow variances (m 3/S)2 under 
present climate (Chapter 7); 
top right: generated monthly flow variances (n, 
3/S)2 
under future land-use & climate; 
I-QfL % change in average monthly flow variances (M3/S)2 
relative to the present generated series. 
Figure 9.17 Box-plot representation and % change in averages for comparisons between variances of' 
monthly flow series over month based on 100 synthesised sequences of streaInflow (present 
and. future land-use & climate) and the historic counterparts 
13456789 10 11 12 
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Legend: '4 Historic monthly flow IAAC('s 
tW I f: generated monthly flow I, I ACCs under present 
climate (Chapter 7); 
top righ : generated monthly flow LI ACCs under future 
climate; 
left7 'No change in average monthly LIACCs relative to 
the present generated series. 
Figure 9.18 Box-plot representation and % change in averages fbr comparisons between leig-I 
autocorrelation coefficients (LIACCs) of nionthl ,v 
flow series over month based on 100 




Legend: -4 Historic % of time exceeded vs. flow (m'/s) 
top left: generated 'Yo of time exceeded vs. flow (m'/s) 
under present climate (Chapter 7); 
low (M3/S) top right: generated % of time exceeded vs. 
under future land-use & climate; 
jgfL % change in average % oftime exceeded vs. flow 
relative to the present generated series. 
Figure 9.19 Box-plot representation and % change in averages for comparisons between flow duration 
curve for specified daily values (m 3 Is) based on 100 synthesised sequences Qf streaniflow 
(present andfuture land use & climate) and the historic counterparts. 
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Legend: (repeated for the range of' 45-80 ni'/s shown in 
the previous figure) -4 1 listoric %, oftime exceeded vs. 
now (M3/S) 
top 1: generated 'Y See previous Figure --kf o 
of time exceeded vs. flow (rn'/s) 
under present climate (Chapter 7); 
top righ : generated (Y. of time exceeded vs. flow (m'/s) 
under future land-use & climate; 
I. Qfý- (Yo change in average %) of time exceeded vs. flow 
relative to the present generated series. 
Figure 9.20 Box-plot representation and % change in averages. for comparisons between flow duration 
curve for specified daily flows (in 3 Is) based on 100 synthesised sequences qf'streani/low 
(present andfuture land-use & climate) and the historic counterparts (repeatedf6r the range 




Legend: -4 Historic log minimum run surns (MCM) vs. 
number of days. 
top le : generated log minimum run sums (MCM) vs. 
number of days under present climate (Chapter 7); 
top righ : generated log minimum run sums (MCM) vs. 
number of days under future land-use & climate; 
lqfL % change in average log minimum run sums 
(MCM) vs. number of days relative to the present 
generated series. 
Figure 9.21 Box-plot representation and % change in averagesf6r comparisons between log minimum n- 
da 
,v run sunis 
(in million cubic inetres, MCM) based on 100 synthesised sequences of 
streaniflow (present andfiaure land-use & climate) and the historic counterparts. 













Legend: Historic log storage capacity (%, of MAF) 
vs. yields of MAF). 
top left: generated log storage capacity ((Yo of MAF) vs. 
yields (% of MAF) under present climate (Chapter 7)ý 
top righ : generated log storage capacity ('Y(, ofMAF) vs. 
yields (% of MAF) under future land-use & climate; 
&IfL % change in average log storage capacity ('X, of' 
MAF) vs. yields (0/o of MAF) relative to the present 
generated series. 
Figure 9.22 Box-plot representation and % change in average. v. fbr comparisons between log storage 
capacity (0/6 of MAF) vs. yield (% of MAF) based on 100 sYnthesised sequences qf'sfrean1flow 
(present andfuture land-use & climate) and the hisforic counterparts. 






This chapter deals firstly with a summary of the overall work carried out in this thesis and 
secondly the achievements, through the results obtained, in fulfilling the objectives as established 
in Chapter 1. To recap, the objectives were summarised as: 1- to calibrate and validate stochastic 
data generation schemes for rainfall and potential evapotranspiration variables which can account 
for perturbations to the model parameters rcflecting future climate conditions; 2- to calibrate and 
validate a catchment rainfall-runoff model using climate and hydrologic data for use in both 
climate and land-use change impacts studies; and 3- to validate synthetic strearnflow data using 
historic data for present conditions, and to generate data reflecting future land-use and/or climate 
conditions. 
Specific statistics such as the basic ones, in serial as well as in seasonal (monthly) terms, and the 
low flow ones were chosen for both the validation of generated sequences as well as impact 
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assessments. A qualitative evaluation of the results based on the variability of the mentioned 
statistics is also included in this chapter. Finally, some thoughts for future research are given at 
the end. 
10.2 Summaty 
A literature review was performed in Chapter 2 and it was found out that very few land-use and 
climate change impact assessments had dealt comprehensively with (1) short temporal scales 
such as daily data, (2) stochastic modelling to generate streamflow data, and (3) downscaling 
GCM outputs to the catchment scale. The methodology outlined in Chapter 3 is considered 
potentially suitable for assessing the catchment water resources impacts, due to changes in land- 
use and climate, as it employs generated climate data (Chapters 4 and 5) as well as a 
calibrated/validated deterministic rainfall-runoff model (Chapter 6) with the capability to 
generate daily strearnflow values using recorded daily climate and streamflow data. Having 
validated the generated streamflow values (Chapter 7), a basis was established for 
accommodating land-use and climate change (Chapters 8 and 9) to study their impacts on water 
resources. A summary of the work carried out in this thesis is described here together with the 
results obtained. Regarding the impact studies, the results are discussed through comparisons of 
the employed statistics calculated from the future scenarios and the control/present scenarios. 
10.2.1 Selected Approach and Validation Results 
I- Climate variables of daily rainfall and potential evapotranspiration (PET) data were 
generated stochastically to represent the respective historic record statistically. The 
assessment/evaluation procedure used was based first on whether or not the statistics chosen for 
CHAPTER 10 SUMMARY AND CONCLUSIONS 283 
model fitting were preserved and then whether or not characteristics not explicitly modelled were 
preserved in the generated time series. In the case of the generated rainfall data, a point process 
stochastic model (Neyman-Scott Rectangular Pulses Model) was employed and fitted to the 
catchment daily rainfall data to estimate its parameters. The fitted NSRP model was used to 
generate hourly data. Having aggregated the hourly data to the daily level, these were validated 
using basic statistics at the daily, monthly, and annual levels and then for the seasonal basic 
statistics as well as the statistics of dry period (day) sequences, that were not used in model 
fitting. For PET data, having checked that they are independent of rainfall, by a primary study 
perfozmed between historic rainfall and PET data, the generated PET data were obtained using 
a combination procedure of two fitted models; (a) a Harmonic series model, and (b) an ARMA 
model. Having performed the goodness of fit tests and then the generation procedure, the 
generated daily data were validated using basic statistics at various levels as well as a graphical 
representation. 
2- A catchment response model was employed to provide an adequate representation of the 
natural transformation process through which climatic data are converted to streamflow data. In 
this study, a rainfall-runoff model (ARNO) was employed and adapted for this transformation. 
To explain, two calibration procedures, original and modified, to obtain optimal parameters were 
carried out. Regarding the original one, a high value for deep percolation parameter, i. e. with 
significant loss of water to groundwater, was found. Efforts made to decrease this lead to a very 
large value for the parameter of maximum soil moisture content which did not appear justified on 
physical grounds. However, the possibility of significant loss to groundwater cannot be ruled out. 
A second calibration procedure was carried out in which the evapotranspiration module of the 
ARNO water balance component was modified to increase the estimates of catchment actual 
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evapotranspiration from soil moisture content. This modified model calibration was preferred 
since it closes the water balance, i. e. without a water loss to groundwater. However, it should be 
noted that catchments overlying big aquifers may have significant groundwater recharge that 
does not flow through the gauging stations. Having obtained the optimal values for model 
parameters, this representation was justified by a successful model validation utilising climate 
(rainfall and potential evapotranspiration, PET) and strearnflow observed records, which were 
not used in the calibration procedure (named rainfall-runoff model validation). 
3- The above mentioned generated climatic data were used as inputs to the adapted ARNO 
rainfall-runoff model to generate daily streamflow sequences. The results were assessed in terms 
of statistical resemblance to the daily historic streamflow record and further validated using a 
variety of measures relevant to water resources assessment. It was generally expected that, in 
addition to preserving those statistics which were implicitly designed for (i. e. mean, variance, 
lag-one autocorrelation coefficient, and skewness coefficient of daily strearnflow values), the 
overall approach should produce sequences which reflected the structure of the historic 
sequences at various aggregation levels of e. g. monthly and annual levels as well as 'fitness for 
purpose' applications. The seasonal behaviour of monthly statistics of mean, variance, and lag- 
one autocorrelation coefficient together with water resources assessment (using daily flow 
duration curve, run sums characteristics, and storage yield relationship) were then chosen to 
assess the performance of the overall approach to generating daily strearnflow data. 
4- The results indicated that while the basic statistics of the historic daily strearnflow series fell 
mostly within the range of statistics defined by the 100 generated series, at annual level 
discrepancies were observed in variance, lag-one autocorrelation coefficient, and particularly the 
skewness coefficient. The generated strearnflow data overall reflected the corresponding historic 
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statistics satisfactorily. Regarding the seasonal behaviour and further the low flow behaviour in 
generated daily strearnflow, the overall approach was also successful in reproducing the general 
trends in the related statistics, although in certain cases consistent differences were present. 
5- Stochastic climate models and the deterministic rainfall-runoff model were employed to study 
and incorporate future changes of climate and land-use, respectively, and water resources impact 
assessments were performed for the study catchment. These are summarised below. 
10.2.2 Land-use Change Impact Assessment 
A new pararneterisation scheme was developed and used to modify and extend the ARNO 
catchment response model to account for and estimate rainfall interception losses independently 
from transpiration estimates (which in total give evapotranspiration estimates) in order to reflect 
changes in various land cover types within the study catchment. The extended model was used to 
estimate daily streamflow for two land-use scenarios. The first scenario was defined by 
elimination of the 10% forest area and the 21% grass cover, all for arable land. The second 
scenario was defined as by elimination of the 30% grass cover in favour of forest areas. The 
results showed an increase of 5% and a reduction of 22% in mean streamflow values due to 
scenario-I and scenario-2, respectively. In terms of water resource analysis, the respected 
statistics demonstrated a slight increase and a significant decrease in water availability 
(resources) for scenario-I and scenario-2, respectively. Moreover, slightly smaller reservoir 
capacities and significantly larger reservoir capacities are needed to satisfy the yields, 
respectively. Regarding the latter, up to about 3 times larger reservoir capacity is needed to 
satisfy larger yields (particularly to satisfy the yield of 80% of MAF). A summary of the impact 
assessment results is presented in Table 10.1. 
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10.2.3 Climate Change Impact Assessment 
Previously, General Circulation Models (GCMs) were employed to predict future values for 
various climate variables such as rainfall and temperature taking into account the C02 increase in 
atmospheric greenhouse gas concentration only. The latest generation of models can now 
replicate the present/control and, hopefully, the future scenarios with greater realism by including 
analysis of the cooling effect of aerosols (tiny particles) in the air formed from sulphur emitted 
during the burning of fossil fuels. Having observed that GCMs cannot provide reliable rainfall 
data at the space time scales required for catchment impact assessment, relations were 
established between rainfall variables, as the main input to water resources impact studies, and 
atmospheric circulation indices, rather than taking rainfall values directly from GCMs, to 
construct scenarios for the study catchment. 
With regard to future rainfall scenario construction, a new method of deriving future daily 
precipitation from variables based on circulation indices was developed. It was assumed that the 
present day frequency of weather types and circulation patterns will be changed as a result of 
climate change, but that each weather type will retain its associated precipitation characteristics. 
In this respect, downscaling relations were established between atmospheric circulation variables 
and daily rainfall statistics and GCM circulation patterns were then used to predict the rainfall 
statistics for future conditions. Downscaling approaches rarely capture climate variability at all 
temporal or spatial scales. The one selected in this study was based on two statistics of mean 
daily rainfall (MDR) and proportion of dry days (PD). In this respect, previous studies had 
shown that MDR and PD statistics were well represented at the catchment scale but not variance 
(for example), which could not be modelled to the same standard as the other two statistics (see 
e. g. Conway et al., 1996). 
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As a basis for generating future scenarios of PET, an empirical temperature-based model 
(Blaney-Criddle formula) was used together with a regression of Blaney-Criddle estimates on 
Pemnan PET historic values. The scenarios were generated based on observed and perturbed 
series of central England temperature (CET), which best represented the respective temperature 
series for the study catchment. 
The climate change results showed that there would be an increase in streamflow during spring 
and summer seasons and to a lesser extent a decrease in autumn and winter seasons, giving an 
overall increase of 7% over the year. In terms of low flow analysis, the results demonstrated that 
there would be virtually no changes in the baseflow, although there would be a slight increase in 
water availability in low flow periods; thus a smaller capacity would be needed to provide the 
yield as far as reservoir storage is concerned. 
The assumption that the validated rainfall-runoff response model is unaffected as a result of 
climate change should not be far from reality when the rate of climate change and perturbations 
are moderate. Regarding the results of this study, the changes in mean annual rainfall and PET 
obtained from the perturbed climate are +14% (in Table 9.2) and +16% (in Table 9.5), 
respectively. These changes, however, can have a significant impact. 
A summary of the impact assessments using the climate scenario, discussed in Chapter 9, is also 
presented in Table 10.1. 
10.2.4 Combined Land-Use and Climate Change Impact Study 
An impact assessment study was conducted by adopting simultaneous future changes in both 
land-use and climate described earlier in Chapters 8 and 9, respectively. This was discussed at 
the end of Chapter 9 and the relevant results are summarised in Table 10.1. That is, the impact 
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results of this combined study of future land-use and climate change scenarios are compared to 
the present/original condition. 
Table 10.1 Resultsfor average of 100flow statisticsfrom generatedfuture land-use scenario sequences, 
(1) & (2), future climate scenario (rainfall & PET), and combinedfuture scenarios of land- 
use (2) plus climate (rainfall & PET) 
Impact results using future scenarios of 
Statistics land-use scenario (1) and scenario (2) climate combined land-use scenario- 
(2) plus climate 
Serial flow (1): increase of 5% increase of 7% decrease of 19% 
means (2): decrease of 20% 
Seasonal (1): even increase over year of about increase of up to 60% in increase of up to 25% in 
flow 7% spring and summer And summer AnIdecrease of up 
means 
3/ (2): even decrease over year of about 
decrease of up to 40% in 
autumn and wi t 
to 50% in autumn and winter 
(m s) 
. 
30% n er 
Seasonal (1): increase over year of up to 13% in decrease in AUG-DEC up to decrease in Auturrm and 
flow JUL 65% in NOVand increase in winter of up to 70%. and 
variance 
3/ 2 (2): decrease over year of up to 50% in 
JAN-JUL of up to 160% in 
APR 
increase in Spring of up to 
45% (M S) JUL 
Seasonal (1): no significant change no pattern observed (max. no pattern observed (max. 
flow 
2): decrease in summer & autumn of 
increase in FED of 15% and increase in MAY of 15% 
LIACC 
up to 8% in SEP jujincrease in winter 
min. decrease in SEP of anlinin. decrease in JUN of 
& spring of up to 8% in MAR 
18%) 18%) 
% of time (1): consistent increase from zero up to rapid increase with flow consistent decrease from 
exceeded 25% for 80 rn% values from zero up to I 10% zero up to 45% for 50 rný/s 
vs. Flow for 80 in% nd then increase of up to 
(rný/S) (2): consistent decrease 
from zero up to 30% for 80 m3/s. 60% for 80 m% 
Min. run (1): even increase of about 4% increase of up to 10% for consistent decrease ftom 
sums VS. (2): even decrease of about 20% 
about 500 days about zero up to 20% for 
no. of days 1000 days 
Reservoir (1): consistent decrease from zero up to consistent decrease from rapid increase from about 
capacity 25% about zero up to 40% 10% for yield of 10% of 
vs. yields (2): rapid increase from about 25% for 
MAF up to 210% for yield 
(% of yield of 10% of MAF up to 300% for 
of MAF 
MAF) yield of 80% of MAF and rapid 
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Generally, the results obtained from a change in the streamflow mean (Table 10.1) show that 
there is a consistent decrease between future scenario-2 of land-use and the future scenario of 
combined land-use and climate change; this implies that the effect of future scenario-2 of land- 
use seems to be stronger than that of climate change. This phenomenon can, moreover, be 
confirmed by considering the changes which occurred in other statistics particularly those of low 
flow analysis/reservoir storage (see Table 10.1). However, the alteration of the results are not so 
strong as obtained for scenario-2 of future land-use. 
10.3 Conclusions 
10.3.1 Daily Streamflow Generation 
I- When dealing with NSRP modelling for rainfall generation, various fitting schemes may be 
chosen with various fitting results obtained. However, the appropriate rainfall modelling and 
fitting scheme should be selected on the basis of the intended application of generated series; the 
selected scheme may not be as good as other schemes as far as discrepancies between standard 
historic and fitted statistics are concerned, but should perfonn satisfactorily in reproducing the 
rainfall characteristics to which a water resource system is sensitive. 
2- A rainfall model fitting procedure which uses wet and dry period transition probabilities is an 
appropriate candidate on the grounds of its potential capability for low flow simulation, which is 
the concern of the study of water resources impacts assessment. 
3- Discrepancies observed in rainfall statistical properties at higher monthly and annual 
aggregation levels between historic and generated data were arnplified in the generation of 
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synthetic streamflow sequences. Preservation schemes were employed which reduced these 
discrepancies significantly. 
4- The overall results obtained in validating the generated rainfall data were satisfactory as far as 
the objectives of this study are concerned. Validation of high flow behaviour is not the concern 
of this study, but it was observed that the very high values are underestimated. 
5- The approach to modelling daily potential evapotranspiration (PET), which employed 
Fourier series analysis as well as ARMA modelling, performed satisfactorily for modelling and 
reproducing this climate variable acceptably. 
6- Due to the satisfactory preservation of PET statistical properties in the stochastic generation 
approach (Chapter 5), any discrepancies observed in strearnflow generation are not thought to 
have come from this climatic input to the catchment response model. 
7-Two different calibrations of the ARNO model were performed on the study catchment. The 
first calibration gave good results =-0.85) but involved a significant loss to regional 
groundwater. For the second calibration, this loss was eliminated, and the actual 
evapotranspiration increased to close the water balance. A similar value of Rý was obtained. In 
the absence of definitive information, it was concluded that the second calibration was the most 
appropriate. 
8- The ARNO model was calibrated using 7 years daily data, and validated using the remaining 
18 years. The validation period included the severe 1975/6 drought. A good simulation of this 
extreme event was obtained, which together with the Rý values, suggests a robust calibration 
which should be able to predict the response to increasingly variable climate conditions. 
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9- A loss of variance in generated streamflow at the daily and particularly at the annual level 
indicates that the overall approach has a tendency to underestimate these statistics. These 
discrepancies are partly attributed to rainfall modelling and partly to rainfall-runoff modelling. In 
the case of rainfall, the preservation schemes in Chapter 4 and their corresponding streamflow 
simulations in Chapter 7 showed that these discrepancies were reduced considerably. For the 
rainfall-runoff model, an Rý value less than one implies a loss of variance in the fitted model, and 
this cannot easily eliminated. 
10- The validation schemes selected and used for generated streamflow (i. e. Stage-2 in Chapter 
7) as measures for reliability assessments of water resources systems were shown to be 
particularly sensitive to critical low flow sequences. These demonstrated that the overall 
approach employed to generate daily strearnflow time series, although provided some 
underestimation in low flow characteristics, may be used with confldence to study the impacts of 
land-use change and climate change on water resources in areas at the scale of the study 
catchment. 
10.3.2 Land-use Change Impact Study 
1- The following conclusions are drawn from generated series obtained for the control scenario 
representing the existing land-use conditions when compared to the original generated series. 
That is, the conclusions define the order of magnitude of the uncertainties from the control 
scenario of land-use, in terms of discrepancies between the mean or median of the employed 
statistics for 100 generated series (mean in serial values or median in box-plot representations). 
a) Serial mean, variance, LIACC, and SC (Table 8.8). Generally, the mean value is 
underestimated by about 6%. However, the daily variance, monthly variance and annual 
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variance are underestimated by about 16%, 19% and 4%, respectively. In terms of LI ACC 
and SC, the results are satisfactory. 
b) Seasonal means (Figure 8.2). The results are reproduced well for all months except for 
JAN-APR which are underestimated. The discrepancies are within 50% range of 
variability for JAN-MAR and the 90% range of variability for APR. 
c) Seasonal variance (Figure 8.3). The results are reproduced acceptably for all months 
except for JAN-MAR which are slightly underestimated. The discrepancies are within the 
50% range of variability. 
d) Seasonal monthly lag-one autocorrelation coefficient (Figure 8.4). The results are 
reproduced accurately. 
e) Duration curve (Figure 8.5-8.6). The results are overestimated for discharges of around 5 
m3/s and underestimated for all other discharge values. However, all are within the 50% 
range of variability. 
f) Minimum n-day run sums (Figure 8.7). The results are reproduced very well. 
, g) Storage-yield relationship (Figure 8.8). The results are overestimated for around yields of 
50%-60% of MAF and around 80%100% of MAF, but all are within the 50% range of 
variability. 
The above mentioned results indicate overall that the discrepancies are relatively significant 
which may be attributed to the interception loss estimation method. This in turn affects both the 
order of magnitude and direction of the impact assessment results. 
2- According to the first land-use scenario, which was defined by elimination of the 10% forest 
area and the 21% grass cover in favour of arable land, somewhat more mean flow resources 
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(4.6%) will be available, although with more daily variability (8.8%) and more annual variability 
(7.3%). Also, slightly more resources and baseflow flow are expected together with significantly 
less storage capacity needed to satisfy the yields of around MAF. The overall results show that 
there would not be any concern to be expected from this scenario. 
3- For the second scenario, which was defined as by elimination of 30% grass cover in favour of 
forest areas to obtain a total of 40% forestry, however, significant reductions in mean flow 
resources (20%) with significantly less daily and annual variability (29% and 26, respectively) 
are observed. These results in significantly less resources and less baseflow and, therefore, 
significantly more storage capacity (between 150-300% of MAF) to satisfy the yields of about 
70-100% of MAF. In this respect, there would be a need for serious consideration of further 
storage to maintain future water supplies. 
10.3.3 Climate Change Impact Study 
I- The results suggest that conditions in the study catchment could be wetter particularly during 
the winter season due to rainfall predictions obtained for future, which is consistent with the 
results of other studies performed elsewhere (Figure 9.4). 
2- For the impact predictions on streamflow, the flow mean increases (7%) and there is a 
considerable increase in daily variance (27%). However, the annual variance does not increase 
significantly (6%). The results for the seasonal mean in Figure 9.9 (summarised in Table), which 
show an increase in summer and a decrease in winter, are on the whole contrary to the results 
obtained from other climate change impact studies, such as of Lettermaier & Gan (1990), Nash 
& Gleick (1991), and Kilsby et al. (1998), in which runoff was shown to be increased in the 
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winter season. However, the increase in variability would appear to be consistent with the 
increased climatic variability which has been observed recently. 
3- Regarding the general concerns about impacts, there would not be an increase in river 
pollution due to the lack of any significant change in baseflow. Somewhat more resources are 
available and less storage capacity would apparently be needed (due to the results obtained from 
minimum run sums and storage-yield relationships (see Table 10.1). 
4- The overall results, therefore, for water resources impacts are not critical compared to other 
studies performed for spatial regional scales. This confirms that investigations at catchment 
scales are not the same as for regional scales. 
5- This study generally confirms that changes in climate variable can have impacts on water 
resources by influencing both the amount of outgoing and incoming water from and to the 
catchment (or vice versa) as far as evapotranspiration and precipitation are concerned. 
6- The main uncertainties here are due to unsatisfactory GCM control simulations so that the 
climate change predictions cannot be relied upon at present on the basis of GCM outputs. The 
efforts made here to deal with this problem, however, again confirm the unreliability of the these 
results. 
10.3.4 Combined Land-use and Climate Change Impact Study 
1- The serial flow mean is subject to a decrease of 19% (see Table 10.1). This value is compared 
with the respective results of land-use (scenario-2) and climate change alone, which had a 
decrease of 20% and an increase of 7%, respectively. The changes in serial daily and annual 
variances here are -29% and -30%, respectively, can be compared with of the respective results 
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of land-use change scenario-2, which are -29% and -26%, and of the respective results of climate 
change scenario, which are +27% and +6%. These results show the domination of the land-use 
scenario-2 over climate change scenario. In some cases, such as the significant decrease in winter 
flow (-50%) compared to -30% and -40%, from land-use and climate change scenarios alone, 
respectively, the results are amplified. 
2- To be more specific, the availability of less resources and less groundwater contribution as 
well as the need for larger storage capacity are attributed to the combined effects, however, and 
not to the extent of the effects from land-use scenario-2 alone. In this respect, some concerns 
exist regarding the river pollution and water availability. 
10.4 Results on Variability of Statistics in 100 Generated 
Sequences 
The results obtained from generated streamflow sequences for the original/control conditions can 
be compared in terms of variability with the results obtained from various generated sequences 
for future conditions of land-usc, climate, and combined land-usc and climate through their box- 
plot representations. As defined in Chapter 4, a box-plot could be used to represent the 
distribution of a particular chosen statistic and it shows the pattern of the variability of statistics. 
However, this characteristic (distribution or variability) of the results of the generated sequences 
in the present/control and the future scenarios was not discussed in the corresponding chapters. 
This is carried out qualitatively (visually) here. 
Here, the main range of the box-plots, which represents the batch of data between the lower 25% 
and the upper 75% limits (see Chapter 4, Figure 4.2), is used to compare the corresponding 
variabilities. 
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I- Regarding the land-use change, however, the uncertainties attributed to the variability of the 
statistics of generated series for the control scenario are discussed and respective conclusions are 
drawn before assessing the land-use change impacts, using the box-plot representations. 
a) Seasonal means (Figure 8.2), seasonal variance (Figure 8.3), and seasonal monthly lag-one 
autocorrelation coefficient (Figure 8.4). The variabilities of these statistics are reproduced 
well for all months. 
b) Duration curve (Figure 8.5-8.6). There are virtually no differences between the 
variabilities of both generated series except for discharges of around 5-15 m3/s (somewhat 
overestimated). 
c) Minimum n-day run sums (Figure 8.7). The results for the related variability are 
reproduced satisfactorily. 
d) Storage-yield relationship (Figure 8.8). The results show that the variabilities are 
reproduced well except for yields of around 90% of MAF (overestimated) and yields of 
about MAF (underestimated). 
The above mentioned results overall indicate that there are almost no discrepancies between 
control and original series and, therefore, the variabilities were reproduced accurately. 
2- The respective variabilities of statistics of streamflow sequences for two future case scenarios, 
compared to the control series, are summarised in Table 10.2. The overall results show that the 
variabilities obtained from scenario-1 are nearly the same as of the control series. The respective 
overall results obtained from scenario-2 demonstrate that the variabilities are less than that 
obtained from the control series. 
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Table 10.2 A summary of potential change of variability between the flow statistics of generated 
sequences of impact results relative to of the controlloriginal results- Jýyf stands for 
virtually no change. 
Impact results using future scenarios of 
Statistics I land-use scenarios (1) and (2) climate combined land-use 
scenario-(2) plus climate 
Seasonal flow (1): VNC in all monffis 
means (M3/S) 
I 
(2): slightly ku in all months 
IM in OCT-DEC & AUG, 
more in JAN-JUL, and 
_YhLQ 
in SEP 
Im in NOV, DEC & MAR, 
more in APR, JUL & SEP, 
and 
_VNC 
in the rest 
Seasonal flow (1): 
_)MQ 
in all months Im in OCT-DEC & AUG- Im in OCT-DEC, 
variance SEP, and more in FEB-APR & JUL, 
(M3/02 (2): slightly km in all months more in JAN-JUL and 
_)MC 
in the rest 
Seasonal flow (1): 
_)MQ 
in all months 1m in OCT, FEB & SEP, ku in OCT & SEP, 
LIACC more in JAN, APR, JUN & more in NOV, JAN & JUN- 
(2): 1m in FEB-MAR, AUG, and JUL, and 
more in OCT-NOV & AUG-SEP, _)MQ 
in the rest YhM in the rest 
and 
_)MC 
in the rest 
% of time (1): VNC in all flow values 1m around 15-20 (rr? /s), Im around 10-55 (m3/s), 
exceeded vs. more around 25-30,40 & more around 70 & more 
flow (M3/S) (2): Im in all flow values except more (m%), and (m3/s), and 
around 5 (rr? /s) with _)MQ _)MC 
in the rest YXQ in the rest 
Min. run sums (1): -MNC 
in all periods (day) _)MQ 
in all periods (day) -)MC: 
in all periods (day) 
vs. no. of 
periods (day) (2): _YNC 
in all periods (day) 
Reservoir (1): 1m around yields of 10%, ku around yields of 30-50% IM around yields of MAF, 
capacity vs. 40% & 80-90% of MAF, & 90-100% of MAF, more around yields of 40- 
yields more around yields of MAF, and more around yields of 60- 80% of MAF, and 
(% of MAF) VNC in the rest 70% of MAF, and in the rest 
YNQ in the rest 
(2): ku around yields of 50% & 
90-100% of MAF, 
more around yields of 60-80% of 
MAF, and = in the rest 
3- Regarding the climate change scenario, the variabilities are compared with the original 
synthetic sequences. These are also summarised in Table 10.2. Overall, the sequences for future 
climate scenario produce larger variabilities than the original sequences, reflecting a more 
variable future climate. 
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4- Regarding the combined land-use and climate change scenario, again the variabilities are 
compared with the original sequences, and the respective results are summarised in Table 10.2 
too. Overall, the sequences for future combined scenarios produce less variability than the 
produced in original sequences, but not to the extent of what land-use change scenario-2 
produced. 
10.5 Recommendations for Future Research 
Since the generated data have a key role for assessing land-use and climate change impacts (the 
impacts are compared with the streamflow series generated in the original phase of this study), 
further research in rainfall and rainfall-runoff modelling may need to be carried out to improve 
the overall approach to streamflow generation. 
1. Employ an alternative approach to rainfall model fitting procedure which allows for 
different types of rain cell (in terms of intensity and duration) within the same storm. That 
is a heavy rain cell intensity (with short duration) and a light rain cell intensity (with long 
duration) can be used but at the expense of more parameters in the model fitting 
procedure. In this respect, the version of the NSRP rainfall model developed by 
Cowpertwait (1994) is a candidate. 
2. Use the rainfall procedure modelling employed here but with point rainfall data at several 
sites representing the catchment rainfall i. e. a multisite rainfall model (Cowpertwait, 
1995), rather than using catchment average rainfall data available for this study. This 
would improve the fitting of PD, which tends to be higher for point rather than average 
catchment rainfall. 
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3. To include statistics for higher levels of aggregation (e. g. months) in the rainfall model 
fitting procedure. 
4. In the case of the rainfall-runoff model of the study catchment, further work is needed to 
assess which of the two calibrations is the most physically realistic. This would involve a 
detailed assessment of the catchment water balance, and possibly visits to the catchment. 
Regarding the land-use impact studies, the following steps can be performed to improve the 
control results as far as the procedure for interception loss estimation is concerned. 
5. To use hourly data from the study catchment itself rather than from a nearby station 
employed in this study. 
6. To employ/develop alternative schemes for interception loss computation at the daily 
level. 
Regarding the climate change impact studies, since rainfall statistics calculated from control 
GCM simulations were not adequately matched with the observations, the relative changes of 
perturbed rainfall statistics were obtained and used for impacts assessment. In this respect, 
7. the GCM simulations are still unreliable. Further improvements in GCM simulations are 
needed to allow the reliability of impact assessments to be improved. 
I 
Regarding the impacts assessments, in either or both of land-use and climate change cases, 
8. sensitivity analyses with real water resource systems and synthetic streamflow series for 
different possible future land-use and climate scenarios should be performed to assess how 
sensitive system performance might be to these altered streamflow regimes. 
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